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PREFACE

This document constitutes the final report on a study whose goal has been

to provide (i) a physico-mathematical model of the coupled energy and mass trans-

fer processes in char forming thermal protection systems, (2) a digital computer

program based on this model and compatible with the NASA/MSC computational faci-

lities, and (3) a critical selection of input parameters for use in describing

the performance of the Apollo heat shield material. The final report consists

of three volumes with supplementary material such as source and binary decks

for the several computer programs together with punch cards and magnetic tape

containing the Test Data Library described in Volume III. The three volumes

are as follows:

Volume I ......... Analytical Formulation, Data Interpretation

and Flight Simulation

Volume II ........ Numerical Analysis, Program Description,

Test Cases and Program Listing

Volume III ....... Test Data and Data Library Program

Description

No single individual can be said to have developed the theoretical concepts,

the numerical implementation techniques, or the programming for machine computa-

tions involved in the advanced analytical program for the thermal analysis of

charring ablators described in this document. This package, subsequently referred

to as Program 16OO, represents the results of a team effort on the part of various

personnel of the Thermodynamics Section and Mathematics Department of the Avco

Missiles Systems Division. Although the following breakdown by disciplines is

not mutually exclusive, it is thought to be fairly representative of the contribu-

tions of the individuals named. The bulk of the theoretical concepts were developed

by Mr. T. R. Munson, Mr. R. E. Mascola, and Mr. R. J. Spindler of the Thermodynamics

Section. The analysis and numerical implementation techniques were developed prima-

rily by Mr. J. D. Brown of the Thermodynamics Section. The programming concepts

were developed primarily by Mr. M. L. Waters and Mr. J. Klugerman of the Mathematics

Department. The structural analyses were performed by Dr. C. Martin of the Space

Systems Division. The Data Library was prepared by Mr. C. Lermond of the Space

Systems Division Material Property Office; the data retrieval programs were

prepared by Mr. W. Spendiff, Mr. V. Fantasia and Mr. E. Nickerson of the Mathema-

tics Department. The wholehearted support and cooperation of Dr. J. Warga,

Manager of the Mathematics Department, and Dr. H. Hurwicz of the Space Systems

Division is gratefully acknowledged. The authors also wish to express their

gratitude to Mr. J. Picone and Mrs. Freda Demers of the Thermodynamics Section

for their painstaking efforts in the preparation of the final manuscript.

The effort reported here was under the general technical direction of

T. R. Munson, Section Chief, Thermodynamics Section, Avco Missiles Systems

Division and the Program Manager was H. Hurwicz. The Technical Monitor for

the National Aeronautics and Space Administration, Manned Spacecraft Center

located in Houston, Texas was Donald M. Curry of the Structures and Mechanics

Division, Thermal Technology Branch.
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APPEARANCE IN THE TEXT

density of the solid heat shield material defined as the mass of solid

per unit volume

mass of char matrix per unit volume

mass of active (decomposable) material per unit volume

mass of solid heat shield per unit volume before any decomposition,

i.e. virgin density

rate of surface recession

cross section area of a central volume, perpendicular to heat and mass

flow

distance measured from the original position of the heated surface of the

heat shield

rate of decomposition of the mass of active material per unit volume

position of the receding surface at time, t.

distance from the original position of the heated surface to the charring

material-bond interface

distance from the original position of the heated surface to the bond-

structure interface

distance from the original position of the heated surface to the rear

surface of structure

mass of gaseous products of decomposition flowing through unit cross

sectional area in unit time.

total change of the mass of gas in control volume Adx in unit time

increment dr.

change of the mass of gas in the control volume Adx due to the decom-

position of the solid to gaseous products

change of the mass of gas in the control volume, Adx due to the compress-

ibility of the gas.

rate of decomposition of the mass of solid material per unit volume.

mass of gas per unit volume
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rate of change of the mass of gas per unit volume due to the compressibility

of the gas.

total heat added to the control volume Adx in time increment dt

heat added to the control volume, Adx by thermal conduction in time
increment dt

heat added to the control volume, Adx by gas flow in time increment dt

heat added to the control volume, Adx by chemical reaction in time increment
dt

heat added to the control volume, Adx by radiation

thermal conductivity of the solid

specific enthalpy of the gas

heat of decomposition per unit mass of gas formed

the radiant heat flux at any position in the solid

specific heat of the gaseous products of decomposition

density of the control volume, i.e. the mass of solid and gas per unit
volume

specific enthalpy of the control volume

specific enthalpy of the active component

specific enthalpy of the fully charred solid

specific heat of the fully charred solid

specific heat of the active component of the solid

thermal conductivity of the virgin solid

thermal conductivity of the fully charred solid

specific heat of the solid

reaction rate constants for a single reaction zone.

limiting densities of the solid for multiple zone reactions

reaction rate constants for a multiple zone reaction.
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radiation flux incident on the solid surface

reflectance of the heated surface of the solid

reflectance of the interface of the charring material and bonding agent

absorption coefficient of the charring material

apparent reflectivity of a semi-transparent material of thickness II-S

apparent transmissivity of a semi-transparent material of thickness II-S

pressure

viscous resistance coefficient for gas flow through the porous heat shield

inertial resistance coefficient for gas flow through the porous heat shield

viscosity of the gaseous products of decomposition

average velocity of the gas at a given position in the porous solid: also,

referred to as the "filter" or "seepage" velocity.

specific gas constant for decomposition products

pressure at the heated surface, assume to be equal to the local static

pressure at the outer edge of the boundary layer, Pe"

viscous resistance coefficient for gas flow through the porous fully
charred heat shield.

Viscous resistance coefficient for gas flow through the porous virgin
heat shield

inertial resistance coefficient for gas flow through the porous fully
charred heat sh_id

inertial resistance coefficient for gas flow through the porous virgin
heat shield

a subscript denoting the thermal properting of the bond layer (i=l) and

substructure (i=2).

emissivity of the heated surface

heat of vaporization of the fully charred solid

Stephan-Boltzman radiation constant

convective heat transfer rate to a "hot wall" in the presence of mass

injection and chemical reactions with ablation products
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convective heat transfer rate to a "hot wall" with no mass injection

convective heat transfer rate to a "cold wall"

local recovery enthalpy

stagnation enthalpy

enthalpy of the environmental gas (air) at the temperature and pressure

of the heated surface

density of the environment gas (air) at the temperature and pressure of
the heated surface

viscosity of the environmental gas (air) at the temperature and pressure

of the heated surface

temperature of the heated surface

temperature of the heated surface assumed for the a priori computing of

a cold wall heat transfer rate

enthalpy of the heated surface at temperature Twr and local static

pressure

convective heat transfer rate to a "cold wall" using transport and
or H*

thermodynamic properties of the environmental gas evaluated at Hwr r

Eckert reference enthalpy.

local free stream static enthalpy

viscosity of the environmental gas evaluated at the Eckert reference

enthalpy, H* and local static pressure

density of the environmental gas evaluated at the Eckert reference enthalpy,

H* and local static pressure

recovery factor

Eckert reference enthalpy based on surface temperature, T
wr

ratio of heat transfer to a "hot wall" with mass injection to heat

transfer to a "hot wall" with no mass injection

local velocity at the edge of the boundary layer

distance along the outside contour of the vehicle surface measured from

the stagnation point

density of the environmental gas at the edge of the boundary layer
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viscosity of the environmental gas at the edge of the boundary layer

Reynolds number based on boundary layer edge conditions and distance

along the vehicle contour

total mass loss rate per unit area leaving the heating surface

boundary layer mass transfer parameter.

transpiration coefficient

molecular weight of air

molecular weight of the ablated or injected species

transpiration coefficient for the injection of vaporized species of the

surface

transpiration coefficient for the injection of the subsurface gaseous

products of decomposition

gram moles of molecular nitrogen per unit mass of "cold" gas mixtures of
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gram moles of molecular oxygen per unit mass of "cold" gas mixture of

molecular nitrogen and molecular oxygen

gram moles of molecular oxygen at temperature T, and pressure p which

have dissociation to form atomic oxygen

equilibrium constant for oxygen dissociation

constants appearing in the equation for the equilibrium constant for

oxygen dissociation

specific enthalpy of molecular nitrogen

specific enthalpy of molecular oxygen

specific enthalpy of atomic oxygen

empirical constant appearing in wall enthalpy equations
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rate of carbon mass loss from the heated surface due to rate limited'

oxidation

constants appearing in equation which determines the rate controlled mass
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fraction

limiting rate of carbon mass loss from the heated surface due to the

rate at which oxygen can diffuse across the boundary layer

molecular weight ratio which describes the ratio in which oxygen and
carbon enter into the heated surface reaction

weight fraction of oxygen in the mainstream

heat transfer coefficient with mass transfer and using enthalpy as the

driving potential

vaporization rate

condensation accomodation coefficient

molecular weight of the vaporizing species

equilibrium vapor pressure

condensation rate

partial pressure associated with the condensing species

mean molecular weight of all species entering into the vaporization-

condensation phenomena of the heated carbon surface

mole fraction of carbon vapor in the gas phase at the vaporizing surface

weight fraction of injected gas at the heated surface
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energy associated with mass removal including combustion effects
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1.0 Summary, Conclusions and Recommendations

This report describes an analytical treatment of the problem of calculating

heat and mass transfer in char forming ablation materials with particular reference

to the thermal analysis of the heat shield material as used in the Apollo applica-

tion. To accomplish this task, a mathematical model describing the physical

processes occurring in this material when exposed to the extreme temperatures

encountered during hypersonic re-entry was formulated, and a digital computer
program was developed to implement numerical calculations based on this model.

A careful search was made of all available thermal and ablation test data

pertinent to this material and the results were coded on punch cards and trans-

ferred to a master library on magnetic tape. A retrieval system, consisting of

three digital computer programs was developed to permit recall of selected

portions of these data on demand. The data in this library were used to obtain

the thermophysical and ablation parameters necessary to characterize the perfor-

mance of the material under re-entry conditions pertinent to the Apollo mission.

Tests of the computational accuracy of the numerical program were performed, and

the validity of the mathematical model was demonstrated by numerical simulation

of ground test ablation data. A complete description of the numerical program

is given, including nomenclature, equations, input format, and Fortran listing.

Although flight test data were not available in time to be included in the

numerical validation of the analytical and numerical methods developed in this

study, the results of the ground test simulations indicate that these procedures

can be employed with confidence in the design of the heat shield of the Apollo

vehicle. As a logical extension of the studies reported herein, it is recommended,

that the procedures developed be employed in post-flight analyses of the Apollo
vehicle, when these data are available.

In the course of these studies considerable effort was expended in the

investigation of possible ablation mechanisms due to structural failure of the

weakened char material under the combined influence of internal pressure buildup,

external aerodynamic loads and thermal stresses. Provisions for calculating,

the internal temperature, density and pressure distributions were incorporated

into the numerical procedures. Implementation of these procedures require

experimental data on the pressure drop parameters for the flow of gas through

the porous char material, and the structural parameters necessary for calcula-

ting the state of stress of the weakened char material. From a knowledge of

these it would be possible to complete the structural analysis studies started

in this study, postulate suitable failure criteria and develop a quantitative

method for predicting ablation phenomena due to mechanical spallation effects.

Although the experimental data on the ablation of the Apollo material do not

indicate that mechanical spallation plays any significant role in the Apollo

application, it is thought that these studies are of general enough interest

to warrant further investigation. Accordingly, it is recommended that

consideration be given to further studies along these lines.
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2.0 Theory of Heat and Mass Transfer in Char-Forming Ablation Materials

2.1 Introduction

The successful design of manned space vehicles and high performance ballistic

missiles is to a large extent dependent upon the adequacy of the heat shielding

provided for the protection of such vehicles from the extreme tremperatures

associated with the hypersonic environment encountered during atmospheric re-entry.

The materials selected for this purpose vary considerably with mission requirements

and vehicle configuration, but the dominant factor behind the selection of a

material for a particular application is the requirement of minimizing total

vehicle weight. This constraint has led to the choice of materials deliberately

designed to undergo internal endothermic chemical reactions leading to the forma-

tion of a carbonaceous char when heated and to vaporize at the surface exposed

to the hypersonic environment. The energy absorption associated with such

processes, together with the reduction of the heat transfer coefficient as a

result of injection of the products of degradation and the vaporized species

into the boundary layer, have proved to be extremely effective in providing

reliable lightweighted thermal protection systems for these applications.

To fully exploit the potential of this class of materials for heat shielding

applications, the designer must have available an accurate mathematical description

of the complex heat and mass transfer phenomena associated with such processes

and an efficient numerical procedure for implementing calculations based on the

mathematical model. In addition, adequate experimental data must be available

from which the necessary parameters required by the mathematical model can be

extracted. Before utilizing the model in particular design applications, its

validity must be demonstrated through adequate numerical simulation of the

observed performance of the material in ground and flight tests. For brevity

in the following discussion, the materials considered shall be referred to as

charring ablators, and the combined processes of vaporization of the material

at the surface exposed to the hypersonic environment and injection of the

products of thermal degradation into the boundary layer shall be loosely referred

to as ablation. Throughout this report it is to be understood that the reference

material is considered to be that used on the Apollo vehicle.

In practice ablation phenomena are most often encountered in situations

where the environmental parameters are rapidly varying functions of time. This

fact coupled with the necessity for working with heat shields of finite thickness

and usually within rather tight limits on allowable strucutral temperatures makes

it necessary to perform transient rather than steady state calculations. Modern

high speed computers bring these calculations into the realm of practicality for

even quite complex systems. In this chapter a mathematical theory is developed

for the transient behaviour of charring ablators.

Q
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2.2 Internal Heat and Mass Transfer

Any attempt at a mathematical description of nature involves a series of

compromises. In the theory presented here, an attempt has been made to strike

a balance between physical rigor on one hand and the practical necessity for

obtaining numerical results for engineering application in terms of physically

measurable material properties.

Qualitative descriptions of the ablation process in polymeric materials

are available in many sources (Ref. I) and will not be detailed here. In

brief, however, when subjected to environmental conditions severe enough to

cause mass transfer in addition to energy transfer by conduction and radiation,

certain materials, such as polytetraflouroethylene, undergo a thermal degrada-

tion which yields only gaseous products. Other materials, such as the silica

fiber reinforced plastics yield a set of gaseous products and in addition

produce a more or less complex porous condensed phase. In either case the

flow of gaseous decomposition products toward the heated surface leads to

additional energy transfer process besides conduction. In the present theory,

energy transfer within the decomposable material is considered to occur by

conduction, convection and radiation.

Conceptually the virgin material is considered as a hypothetical mixture

consisting of an irreducible "char matrix" (denoted by the subscript c) and an

"active material" (subscript a) which undergoes thermal decomposition yielding

only gaseous products. Then at any state of decomposition the mass of solid

per unit volume may be expressed as

(1)

where _c is the mass of inactive char matrix per unit volume and_a is the mass

of active (decomposable) material per unit volume. Before any decomposition occurs,

the mass of solid per unit volume is designated as_ o and is referred to as the

virgin density. The decomposition reaction is assumed to be a sum of "n'th"

order rate laws with the rate constants being a simple Arrhenius function of

temperature. The material is assumed to have continuously variable properties

throughout and as a result it is neither necessary nor desirable to define a

"charring temperature" as in Barriault and Yos (Ref. 2) or a "reaction zone

thickness" as in Scala and Gilbert (Ref. 3). This feature of the present model

provides definite advantages, both conceptual and computational, over a model

requiring charring temperatures as a basic input.

2.2.1 Energy Balance for Control Volume

Consider a cross-section through a typical heat shield of the ablative type.

In general the material affording the thermal protection will be backed up by one

or more materials which act as structural members, as bonding materials, etc.

Figure 1 illustrates such a cross-section for a shield consisting of the primary

-4-
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material with two back-up materials acting as a bonding agent and a structural

material, respectively. For the present purposes these secondary materials

are considered to be non-porous, non-decomposable and opaque. The heat

transfer process in these materials is by simple conduction.

Consider a control volu_e within the primary material whose surface is

receding at an unsteady rate S (t). Choosing cross-sectional area A for the

bar the volume between the planes x and (x + dx) is then Adx. Gaseous decompo-

sition products are produced in unit volume at a rate (-_a), this being the

rate at which the active component of the primary material undergoes thermal

decomposition. It is assumed that the gases produced in the decomposition are

free to move in the direction of negative x-i.e., toward the heated surface,

and that thermal equilibrium exists between the gaseous and condensed phases

at all points in the material. Letting w denote the mass of gas flowing across

unit cross-sectional area in the direction of the heated surface in unit time,

and dM denote the total change of the mass of gas in control volume Adx in

time increment dt then,

dM -

This change in mass is due to the mass of gaseous products of decomposition

added to the control volume, dM=, and the change in mass because of the compress-

ibility of the gas as a functio_ of temperature and pressure, dM c.

The mass added to the control volume in time dt by decomposition may be
written as

(2)

where _a = _ s is the rate at which solid mass decomposes per unit volume.

The change in the mass of gas in the control volume in time dt due to the

compressibility of the gas is

where _ g is the rate of change of the mass of gas per unit volume due to the

compressibility of the gas. Writing a mass balance employing equations 2, 3,

and 4 yields the continuity equation for the gas, i.e.

(3)

(4)

(5)

-5-



It can be shown that for the application of interest, the Apollo heat shield,

the gas flow, w, depends almost entirely of _ and is essentially independent of
the compressibility of the gas*. With this consideration the continuity equation

is reduced to

a_ P, =

The total heat, dQ, added to the control volume in time dt is the sum of the

contributions due to thermal conduction, dQk, by gas flow, dQg, by chemical reac-
tion, dQc, and by the absorption of radiant energy, dQr.

Considering the one-dimensional case these contributions are given by

equations (8) through (II).

a_.E) A _ _

(6)

(7)

(8)

(9)

It •

_F A oLz d_.

(IO)

(ii)

*Considering the case of a charring ablator of semi infinite extent and in steady

state, the integrated continuity equation gives the gas flow as

- #.
Certainly the last term in the bracket, jl_ /( _:::lo - ,_ c) ($< _ at all times for

the applications of interest to the Apollogheat shield material.

-6-
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In these equations k is the thermal conductivity of the solid material

and thermal conduction through the gas has been neglected. Also, hg denotes
the specific enthalpy of the gaseous products, _ H c is the heat absorbed per

unit mass of gases produced, and F is the radiant heat flux at any point in

the material. Assuming a constant specific heat for the gaseous decomposition

products and making use of the thermal equilibrium assumption dQg can be
written in the form of equation (12).

(12)

The heat added to the control volume is then given by equation (13).

The heat equation is found by equating dQ to the change in enthalpy of

the control volume and neglecting higher order differential products.

(13)

(14)

2.2.2 Restrictions on Property Values

In equation (14) land h are the density and specific enthalpy of the
control volume.

The density and enthalpy are considered to be additive functions of the

contributions due to the solid and gas. Making use of equation (i) the

following relationships are obtained.

(15)

T he
(16)

4-



The energy per unit volume is the product _ h, which is obtained by combining
equations (15) and (16).

(17)

Since _e_; the mass of gas in the control volume, is very much less than the
solid ity, P s' then to a very good approximation, equation (15) may be
written as:

Equation (16) may also be simplified by noting that the specific enthalpies

hg, ha, hc are all of the same order of magnitude so that the following
relations are valid.

p f&
and

Taking the time derivation of equation (20) results in

(18)

(19)

(20)

_h _t

(21)

Recalling the assumption that the char matrix is irreducible, employing

constant specific heats, and using equation (18) results in the following.

(22)

-8-
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A similar line of reasoning may be used to develop an expression for thermal

conductivity which depends on the decomposition of the solid material. De-

noting the thermal conductivity of the virgin material as ko, and that of
the fully charred state as kc, the following linear dependence of thermal

conductivity on density is assumed.

(23)

The thermal conductivity given by equation (23) is not temperature dependent

in the usual sense, but rather is a function of the temperature history

through the density. This is also true of the specific heat of the solid,

Cps, which from inspection of equation (22) is readily seen to be as follows.

D
2.

2.2.3 Internal Decomposition

The quantity _c is considered to be a constant and the quantity _a
is assumed to vary in accordance with a "n'th" order decomposition law.

For a single reaction zone _ a is given by equation (25).

Combining equations (18) and (25) we then obtain equation (26).

B

(24)

(25)

(26)

Equation (26) can be generalized to account for decomposition in multiple

reaction zones. Let the variation of density with temperature be assumed to

be of the form displayed in Figure (2). As shown in this figure, it is

assumed that the material is characterized by decomposition reactions occurring

in three more or less distinct temperature zones. The density, _o ' of the

virgin material is designated equivalently bY_Ol, and the limiting densities,

of the three reaction zones are designated equivalently by _ 02' _O3 and _ 04'

respectively, where the fully charred density is understood to be _ 04" The
rate expressions assumed for each of the three regions are given by equations (27)
through (29).

Q -9-
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(27)

(28)

(29)

Hence, in the first zone:

4,-" -A,f,,,
',. p:,,

(30)

and in the second and third zones:

z .eo_: -_' -7-
(31)

(32)

The total reaction rate is then obtained by summation of equations (30)
through (32). The result is given by equation (33).

2.2.4 Radiant Heatin$

The formulation of the term for the radiant flux F is based on an

exponential absorption law. For constant optical properties, an incident

-ii-

(33)



flux Fo is attenuated in accordancewith equation (34) whereRo is the relec-
tanceof the interface x = S, (x - S) is the distance traversed by the ray
in the primary material and a is the absorption coefficient of the solid.

F = Fo (i- Ro) exp I -a(x-S) I .

Designating the reflectance of the interface at x =_i as R_ and
assumingthe reflectance of the interface at x = s is the samefrom either
direction, it caneasily be shownthat consideration of multiple internal
reflections results in the following relationships. Theapparent reflec-
tivity and apparent transmissivity are given respectively by equations
(35) and (36).

(34)

(35)

Theradiant flux leaving the interface at x = S and travelling in the
direction of positive x is then given by equation (37).

Theradiant flux leaving the x =_i interface and travelling in the
direction of negative x is given by equation (38).

The total radiant flux at any point x within the primary material is
then given by equation (39).

: (,-a ) [
z--s)7!

(36)

(37)

(38)

(39)

-12-



Theterm in F for inclusion in equation (14) is then obtained from
equation (39) by differentiation.

This formulation considers only the problemof the in-depth absorption
of radiation from a source external to the thermal protection system. This
treatment is generally adequatefor mostproblemsinvolving charring ablators
since the transport of energyby "self-glowing" of the heatedmaterial is
quite small due to the relatively large absorption coefficients associated
with these materials. A formulation of the equations necessaryto describe
this additional transport mechanismis available and is given in AppendixI
to this volume.

B
2.2.5 Internal Pressure

In the material for which the model was developed, available evidence

does not indicate that internal pressure forces played a major role in the

ablation process. However, it was considered unwise to totally disregard

the pressure in the mathematical model, since other materials may be more

strongly affected. In particular, the internal pressure buildup resulting

from the formation of products of decomposition may lead to sudden abrupt

rupture of the weakened char material near the surface thereby increasing
the ablation rate in a timewise discontinuous manner. A detailed structural

analysis is necessary in order to establish possible failure modes associated

with this process. The progress made to date on solution of this complicated

problem is described in Appendix II. Pending completion of these studies

no attempt has been made to include mechanical spallation phenomena in the

mathematical model for charring ablators.

On the other hand, it is relatively simple to incorporate provisions

for calculating the internal pressure distribution resulting from the

formation of decomposition products in the charring process. This may be

done by uncoupling the momentum equation for the flow of decomposition

products from the energy equation such that a post-facto calculation of

the pressure distributions may be performed from a knowledge of the tempera-

ture and mass flow rate distributions. A non-linear extension of Darcy's

law together with an equation of state of a perfect gas is used for this

purpose.

F' = #, P,.,T

(41)

(42)



In these P, p g and T represent the gas pressure, density and temperature,,_-

represents gas viscosity, O_ and_ represent the viscous and inertial

resistance coefficients to the flow, and R is the specific gas constant.

The quantity Vg is the so called "filter" or "seepage" velocity.

Solutions are sought subject to the condition that P = Ps(t) at the

ablating surface, where Ps(t) is the time dependent local static pressure.

The quantities _ and _ are characteristics of the porous char and

will therefore depend on the state of the material, i.e., they will vary

as the material is only partially or fully charred. Combining equations

(41) and (42) and calling p gVgZW gives:

I _P_ z
= 2 .+ zf3,, +

To obtain values for O( and _ , mass flow experiments must be per-

formed using small specimen thicknesses, and controlled pressures. The

derivation of values for the coefficients O_ and _ are discussed in

Section 3.

To obtain a form suitable for calculating the pressure distribution

through the heat shield, equation (43) may be written as

or

p '_ ./.

d. pZ ,, Zt_ +
Ps S 5

(43)

(44)

where the temperature, T is obtained for the solution of the energy equation,

and the mass flow of gas, w is obtained from the integration of equation (6).

The resistance coefficients are assumed to be linear functions of the density,

i.e.

where O[y and_v are the coefficients for virgin state of the material while

O_& and _care the coefficients for the charred state.

(45)

-14 -



2.2.6 Secondary Materials

Energy transfer within the secondary materials (designated by the

subscripts SI, $2, etc.) is assumed to be solely by conduction. It is

further assumed that the thermal expansion coefficient of these materials

is small, the governing equations including temperature dependent proper-

ties are of the form of equation (46) where the region of validity is

(46)

2.2.7 Summary of Internal Equations

The complete set of differential and auxiliary equations governing

energy and mass transfer within the composite heat shield of Figure 1 is

then given by a combination of equations (6), (14), (22), (23), (32), (33),

(36), and (37). The resulting set of equations are as follows:

•S<-'Y-<,_, :

(47)

(48a)

e

-- - O"Y., (.,'-"-":

OC

(48b)

(49)



3 r_

_ _o_C_"_,_")_ c-___
_., '- fo k. t

(5O)

(51)

-- _f -_c- C,_,-_,._}_._ _

_'_ _ . (53a)

(53b)

Equations (47) through (53) together with an appropriate set of initial

and boundary conditions completely describe the system.

2.3 Initial Conditions

As initial conditions to the problem, both the temperature and density are

specified throughout the primary material and the temperature is specified in

the secondary materials. Any arbitrary distributions may be specified, i.e.,

the initial conditions may be in the form of equations (54).

T (x, O) = T (x),

f(x, 0) = p(x).

(54a)

(54b)

-16-



2.4 Heat Transfer to a Hishly Cooled Non-Ablating Surface

For the cases considered here the surface recedes in a continuous

fashion. Discontinuous removal based on a thermal stress criterion can

be easily introduced into the computational scheme for those materials

which exhibit such phenomena. Based on a continuous material removal

process, a heat balance at the receding surface can be written in the

form of equation (55).

___Er , [ts f=Hv (£ - (55)

where the left-hand side of the above equation, q, represents the convective

heat transfer rate to a hot wall in the presence of mass transfer and chemi-

cal reactions. The terms on the right-hand side represent the rates of heat

conduction into the solid surface, vaporization of the solid surface and

radiation from the solid surface.

Some discussion is needed to explain the form and method of calculation

of the heat transfer term, q. Since the heat transfer depends on the tempera-

ture (or enthalpy) and mass transfer at the solid surface as well as boundary

layer flow parameters, it is apparent that a simultaneous solution of the

variable property, chemically reacting boundary layer and the charring heat

shield energy equations is necessary to determine heat transfer rates.

Realizing that such a simulatneous solution is needed at many times during

the re-entry it is believed that such a method is impractical for use as

a design tool. In practice what is done is to perform analytical and experi-

mental boundary layer studies and obtain solutions for a wide range of wall

conditions. The solutions are then correlated to relate heated wall and

boundary layer conditions.

The usual procedure is to define a "cold wall" heat transfer rate qc
as in equation (56).

where qo is the heat transfer to a "hot" non-ablating surface, Hr is the

recovery enthalpy, H s is the stagnation enthalpy and Hw is the enthalpy
of the environmental fluid at the temperature of the heated surface. For

most applications the "cold wall" heat flux (which is essentially a heat

transfer coefficient) depends only slightly on the wall temperature and

this variation could be ignored on the grounds that the correction is less

than the uncertainty in the value of the heat transfer coefficient itself.

In certain cases, however, the corrections become numerically, if not _

physically, significant and probably should be employed if for no other

-17-
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reason than consistency. This is particularly true since the appropriate
corrections are easily introduced into mostnumerical calculations.

2.4.1 Stagnation Point Heat Transfer

In the case of stagnation point flow the treatment of Fay and Riddell

(Reference 4) shows the cold wall heat transfer rate depends on conditions

at the wall in accordance with the following proportionality.

O, I

In equation (57) _w and_w are the density and viscosity at the wall temp-
erature and pressure. It is desirable to obtain a correction term which

gives qc as a function of the wall temperature. Figure 3 is a graph of log

( p w/Xw ) as a function of log (Hw). The range of temperatures covered by
this figure is from room temperature to 18OOO°R. The density and enthalpy

are from Reference 5 and the viscosity from Reference 6. It can be seen that

in the range of surface enthalpies of interest the product (e_/_) is nearly

proportional to (Hw)'O'O37. The "cold wall" heat transfer rate evaluated for

a wall at temperature Tw in terms of the value obtained for a wall at Twr is

then given by equation (58).

.. H_ -o,o3"1

The data in Figure (3) are for a pressure of I, IO and iOO atmospheres and

demonstrates that the exponent in equation (58) is insensitive to pressure

and, hence, equation (58) is recommended for use at least in the near atmos-

pheric pressure range.

2.4.2 Turbulent Heat Transfer

In the case of turbulent boundary layers the method of Eckert (Reference

7) gives the "cold wall" heat flux as a function of the properties evaluated

at a reference conditions.

0.8 O.Z

The properties in (59) are evaluated at a reference enthalpy H* which is

defined by equation (60).

(57)

(58)

(59)

(60)

q,
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where H r and H e are, respectively, the recovery and local free stream static

enthalpy.

The ratio involving the local static enthalpy is a function of the

recovery enthalpy through equation (61) where r is the recovery factor.

H_

/'4s / -

Figure 4 is a plot of (e*)0"8 _*)0.2 as a function of enthalpy.

Over the range of reference enthalpies of interest equation (62) is

obtained as a correction for wall temperature effects on the "cold wall"

heat transfer rate for the turbulent boundary layer.

(61)

(62)

lJ

2.4.3 Laminar Heat Transfer

A correlation similar to the above may be formulated for laminar

boundary layer flow at locations away from the stagnation region. Again

employing the method of Eckert results in the following expression for
corrected "cold wall" heat transfer.

2.5 Heat Transfer with Air Iniection

The injection of the ablated species into the boundary layer has a

pronounced effect on the cold wall heat transfer coefficient. The injected

species, with its normal velocity component, tends to decelerate the flow

and decrease the skin friction while also acting as a distributed heat sink.

The left-hand side of equation (55) may be written as follows:

(63)

(64)

q

where _ is the ratio of heat transfer to a "hot wall" with mass injection

to heat transfer to a hot wall and no mass injection. The ratio_ depends on

the vehicle geometry, type of boundary layer flow and properties of the injected

species. By employing the results of analytical and experimental boundary layer

studies, correlations may be developed for _. Analytical studies for laminar

flow of air to air injection for the stagnation region, cones and wedge shapes

-20-
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have yielded solutions which are in good agreement with experimental data. For
turbulent flow the evaluation of the heat transfer ratio, 4, depends primarily

on experimental studies. The effects of foreign gas injection has also been

studied and correlations have been proposed which permit rather simple expressions

to describe the interaction of heat and mass transfer. Reference (8) gives a

review of binary boundary layer characteristics based on both analytical and

experimental studies. This same reference presents the exact solutions of

air to air injection when the edge velocity varies as some power of the distance

along the solid surface, i.e., _e _ Zn. These solutions are shown in Figure 5

and of particular interest are the special cases of the flat plate (n = O) and

the plane and axisymmetric stagnation regions (n = 1). The heat transfer ratio

is plotted against a boundary layer mass transfer parameter, e v /D____,

where Rez is the Reynolds number based on edge velocity and Z-dista_c_#_l_ng e =Z
the surface. Since the heat transfer to a non-ablating wall depends on the local

Reynolds number a more suitable form for the mass transfer parameter may be

deduced which eliminates the Reynolds number. The result is a new parameter

mw h /qc where the advantage is evident since both cold wall heat transfer, qcr
and recovery enthalpy hr are assumed to be known functions of tlme. The

quantity _ is the total mass transfer rate from the surface. In this way there

is no need to add a new input, Reynolds number, to the input format of the

computer program. Figure 6 shows the heat transfer ratio, _ , in terms of

_whr/qc . Also indicated is a curve fit of _which agrees well with the exact
solutions for the region of interest, i.e.,

# = exp I - f (I + 0.618f) I ,

mw hr

where f _ qc '

and _ , the so called blowing coefficient or transpiration factor is

= 0.603 for the stagnation region,

= 0.764 for the laminar flat plate.

(65)

f

2.6 Heat Transfer with Foreisn Gas Iniection

For the injection of a gas other than air into an air boundary layer the

analytical and experimental data for _ may be correlated by introducing a

molecular weight ratio into the mass transfer parameter. The transpiration

factors may now be generalized.

/Ma_ 1/3
= 0.603k_ij for the stagnation region,

(Ma_ I/3
= 0.764k_ij for the laminar flat plate,

where: M a is the molecular weight of air, M i is the molecular weight of the

(66a)

(66b)
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injected gas, and the value of the exponent is (I/3) justified on the bases of

data reported in reference 8.

For turbulent flow much less analysis and experimental work have been

done especially for foreign gas injection. Figure (7) shows the results of

several analysis (Ref. 9, iO, ii) for air to air injection. The molecular

weight ratio may again be employed and from the available data on foreign

gas injection the transpiration factor becomes:

(Ma_ O. 1]I = 0.347 _ii
for turbulent flow.

The above value of _ for turbulent flow is found to be insensitive to

pressure gradient along the body.

(67)

2.7 Heat Transfer with Multicomponent Gas Iniection

To apply the analytical and experimental results of heat and mass transfer

studies mentioned above to a charring heat shield is complicated by the fact that

the ablated species have many components and the boundary layer is not a binary

mixture. For charring materials, the procedure followed is to assume the mass

transfer parameter for the composite injected mixture of surface material and

subsurface gases is the sum of the individual mass transfer parameters, i.e.,

where:

hr[ Iqc _s_sS + _ gw '

is the linear surface recession rate,

is the density of the solid surface,

is the mass flow role per unit area of subsurface _,su

decomposition gases,

s is the transpiration factor for the injection of
the subliming surface,

_g is the transpiration factor for the injection of
decomposition gaseous products.

By combining (56), (58), (62), (63) and (64) the heat transfer to a "hot"

ablating surface is

q = (qc)R I f HWI -0.0371   IHwr exp I- f (i + O.618f)_

(68)

(69a)

,2
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at the stagnation region, and

I H rq = (qc)R _s I i
!_s _wr . exp I- f (l + 0.618f)}

at body stations away from the stagnation point. In equation (69b) the value
of the exponent E2 is dependent on whether the external flow is laminar or

turbulent as the previous discussion indicates. In either case it is under-

stood that the (qc)R is cold wall heat transfer to a fixed set of wall

conditions and is therefore explicitly only a function of time and body
station.

(69b)

2.8 Wall Enthalpy Relations

The enthalpy, Hw , of the environmental fluid at the temperature and

pressure of the heatea surface is computed under the assumption of an equil-

ibrium mixture involving 02, N 2 and O.

Consider an equilibrium mixture of molecular nitrogen, molecular oxygen

and atomic oxygen. One unit of "cold" gas will be taken to contain _l' gram

moles of molecular nitrogen and _ 2 gram moles of molecular oxygen. At any

temperature, T, and total pressure, P, the amount of molecular oxygen present

in the equilibrium mixture is ( _2 " X) moles and the amount of atomic

oxygen is (2X) moles. The thermodynamic equilibrium criterion for the mixture

can then be written as Equation (70) where K is the equilibrium constant for
oxygen dissociation.

2
4X P

- x)
The physically real solution of Equation (70) is given by Equation (71).

Z .%

[.KZg,z z '/z+4K[K'_4P")(S,,,6z.',-Zz 3] -K,£,

Z(.K, 4 P')

In general, the equilibrium constant K can be written to a high degree of

approximation in the form of Equation (72).

K = A exp [- Be/TI

Designating the enthalpy of the equilibrium mixture as Hw and the enthalpy

of the species N2, 02 and O by the subscripts 1 through 3, respectively,

we can write the enthalpy of the unit of gas in the following form.

(7O)

(71)

(72)

-27-



Hw = _IHI + ( _2 " X) H2 + 2XH3 (73)

Also to a high degreeof approximation, it is possible to write the species
enthalpies, Hi , as quadratic functions of temperaturein the form of Equation
(74) wherethe _are empirical constants obtained by curve fitting.

= T2Hi _il + _ i2 T + _ i3 (74)

In terms of thesecoefficients, the enthalpy of the mixture can be written
as equation (75).

o T +

Using the following definitions:

(75)

I

(76)

Equation (75) then becomes:

Hw = _ 1 + _ 2 T + _3 T2
(77)

Equations (71) and (72) together with either Equation (75) or the equivalent

Equations (76) and (77) then serve to define the enthalpy of the equilibrium

mixture for all areas of the temperature pressure field in which the disso-

ciation of nitrogen is negligible.

Values of the various constants appearing in the preceding equations

have been obtained by least squares techniques based on the data of Reference

-28-



-4 (12). The composition of normal air has been taken from Reference (13). The

resulting constants appropriate to normal air are given in Table (I) and are

for use with pressure in atmospheres, temperature in degrees Rankine and yield

the enthalpy in BTU/Ib.

Figure (8) shows the error between the present method and "exact"

calculations for air as a function of temperature for several values of

total pressure. As can be seen from this figure, the agreement is excellent
and is in fact within the uncertainties in the so-called "exact" calculations.

Figure (9) presents the enthalpy of air as a function of temperature for

several values of pressure as computed using the present method together with

the constants given in Table (I).

v

2.9 Surface Ablation Theory

The ablative performance of the materials considered may be regarded

as falling into two regimes. In the first of these regimes a heterogeneous

reaction takes place between a charred carbonaceous surface and the oxygen

in the free stream fluid. This reaction is exothermic and the rate at

which this reaction occurs is a function of the kinetics of the surface

reaction and the rate at which oxygen can diffuse to the reacting surface.

In the discussion which follows consideration is limited to pure carbon

for illustrative purposes. An analogous analysis for char-forming materials

adds nothing but more involved algebra to the system.

2.9.1 Rate Limited Surface Oxidation

It is assumed that the heterogeneous surface combustion of carbon is

of arbitrary order, N, in the partial pressure of oxygen at the surface.

Under this assumption, and writing the heterogeneous rate constant as an

Arrhenius function of temperature, the rate of removal of carbon due to

this oxidation reaction can be written in the form of Equation (78)

mr = Ar I/(_ iWs Pe} Nr exp [- Br/T} .

In this equation the quantity P_ is the local static pressure, W s

in the weight fraction of oxygen at t_e reacting surface and_l is

a molecular weight ratio which converts W s from a weight fraction to a
mole fraction.

(78)

2.9.2 Diffusion Limited Surface Oxidation

A second relation involving W s and _ can be written in terms of the

rate of diffusion of oxygen to the reacting surface. Since any reaction

at the surface requires that oxygen migrate to the surface in order to

-29-



TABLE1

VALUES OF CONSTANTS FOR NORMAL All{

The following constants are those approprfate to normal air with T in
OR and P in atmospheres. The resultant enthalpy is in BTU/lb.

1 12. 7657

8 2 2. 9984

A
i. 1105 x 10 7

B

i. 1112 x 105

ii -0. 858

12 16. 151 x 10 -3

13 O.321 x 10 -6

21 -0. 903

22 16. 620 x 10 .3

_23 0.416 x 10 -6

_31 234. 341

_32 11.089 x 10 -3

_33 -0.0054 x 10 -6

(8 l_il +_2_'21) -13.654

(C_I El2 ÷_2E22) 256.012 x 10 .3

((_i_13 +$2_23) 5.345 X i0 "6

(2_31 "'_21) 469.585

(2 _32 " _ 22 ) 5.558 x 10.3

(2_33 " _23) -0.427 x 10 -6
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react, the mass removal rate of carbon is not only given by equation (78) but

is limited by the rate at which oxygen diffusion can occur. The rate at

which this diffusion process can take place leads to equation (79) for the
mass removal rate of carbon from the surface for the case where the Lewis

number is unity.

m_ =_ 2 (We " Ws) [ (79)

J

4

In equation (79) W e is the weight fraction of oxygen in the free

stream,_ 2 is a molecular weight ratio which describes the ratio in
which oxygen and carbon enter the surface reaction, and _ is the heat

transfer coefficient. Writing _ in terms of the heat transfer coeffi-

cient without mass transfer and the reduction due to mass injection

yields equation (80) for the mass removal rate of carbon at the surface.

where :

f

2.9.3 Transition from Rate to Diffusion Limited Regimes

Since equations (78) and (80) must be simultaneously satisfied through-

out the regime in which the controlling ablation process is the heterogeneous

surface oxidation they may be combined to eliminate the quantity W s and yield
a single relationship for _ which is valid over the entire regime. Equation

(81) is easily found to be the result of eliminating W s between (78) and (80).

where:

• I

: 4
In the analysis of Scala (References 14, 15) the limiting forms

corresponding to Equations (82) and (83) are employed and what is

(80)

(81)

(82)

(83)
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referred to as the "concept of resistances in series" is invoked to yield a
relationship for the "transition zone" betweenthe two limiting cases. The
present analysis requires no such treatment of the "transition zone" since
the processis consideredto be a continuousone over the entire region and,
unlike the analysis of Scala, is not restricted to "half-order kinetics"
but is equally valid for all values of the order Nr.

2.9.4 Sublimation Re6ime

In order to consider the full range of conditions under which carbon

ablates it is necessary to examine the regime in which direct vaporization

of the carbonaceous char takes place and any chemical interaction with the

free stream gas takes place in a homogeneous fashion. In this homogeneous

reaction regime the only effects of the chemical interactions between

carbon vapor and oxygen are to modify the heat transfer to the surface.

These effects will be discussed later and for the present it is sufficient

to consider the vaporization process itself as if the gas near the surface

were chemically inert. The net rate of vaporization is the difference between

the rate of vaporization and the rate of condensation. If it is assumed

that the maximum vaporization rate or "vaporization potential" is independent

of the conditions on the gas side of the interface and depends only on condi-

tions in the solid at the surface the maximum rate may be found from a combi-

nation of thermodynamic and kinetic theory considerations (See Reference 16).

The resulting expression for this vaporization rate is Equation (84).

'lz

In Equation (84) _v is the molecular weight of the vaporizing species,

Pv is its equilibrium vapor pressure, _ is an accomodation coefficient for
condensation and R is the universal gas constant. Based on kinetic theory a

similar expression for the condensation rate may be obtained.

In Equation (85) Tg is the temperature on the gas side of the vaporizing

interface and Pa is the existing partial pressure associated with the condensing

species. In principle equations (84) and (85) should be written as summations

over the individual species which either vaporize or condense, however, in the

present treatment we will consider a "mean molecule" for which these equations

hold. Under the assumption that T= can be approximated by T s over a distance
of a few mean free paths near the _urface equation (86) then represents the

net vaporization rate.

(84)

(85)

(86)
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It should be noted that the equilibrium vapor pressure, Pv, is a function
of surface temperatureonly and that the only quantity in Equation (85) which
dependson the environmentalconditions is the partial pressurePa" This
partial pressure is related to the local static pressure, Pe' through a con-
centration function Nc which is the mole fraction of carbonvapor in the gas
phaseat the vaporizing surface. It canbe shownthat Equation (87) is a
reasonableapproximationto the weight fraction of injected gas at the wall.

Wes = i - _, (87)

Q

f

where :

4 = exp { - f (i + _ f) I

For the conditions under which the vaporization analysis is to be

applied, the gas at the wall may be considered to consist of carbon vapor of

molecular weight sA_ and molecular nitrogen and carbon monoxide of molecular

weight_ o. (If CN is a boundary layer constituent the molecular weight

/_o is still a good approximation since CN, CO and N 2 all have nearly the

same molecular weights.) Using these molecular weights and Equation (87)

for the weight fraction yields Equation (88) for the mole fraction of carbon

at the surface.

The partial pressure, Pa' for use in Equation (86) is then given by
Equation (89).

Equations (86) and (89) form the basis for evaluating the surface mass

transfer rate in the regime of homogeneous chemical interactions between

the free stream gas and the ablating carbonaceous char.

(88)

(89)

2.9.5 Combustion Enersy Effects

An expression of the energy balance at the surface is required in order

to complete a description of the ablation process. This energy balance in-

cludes terms accounting for the basic aerodynamic heating, contributions due

to any combustion processes which may occur, surface radiation losses, energy

conducted into the material, and the energy required to remove the solid
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material. Theenergybalanceat the surface can then be written in the form
of Equation (90).

In Equation (90) the first term is the aerodynamic heating corrected

for wall enthalpy and mass transfer effects, QI is the energy of mass

removal (including combustion effects), the third term is the surface re-

radiation and the right-hand side is the energy conducted into the solid

material. Consider the quantity QI which contains the terms associated

with the surface ablation. In the regime of heterogeneous chemical

reactions the overall energy associated with the ablation process is that

associated with the surface reaction. In this regime the total energy

involved could be given as a single term involving the product of the

ablation rate, m, and the heat of combustion per unit mass of solid carbon.

For reasons which will become apparent in the subsequent discussion it is

more convenient to separate this energy term into two parts whose sum is

exactly equivalent to that stated above. For the purposes of evaluating

Q consider the energy to be separable into that required to vaporize the

s_rface plus the energy associated with Lhe carbon vapor - _iz reaction.

This process is identical with that for the reaction of oxygen and solid

carbon to produce gaseous products. As has been pointed out in the develop-

ment of equation (81) the rate at which carbon can react at the surface is

exactly equal to the rate at which oxygen can diffuse to the surface. This

rate is given by Equation (91) which is identical to Equation (80) with the

exception of the molecular weight ratio_ 2"

The concentration potential in Equation (91) can be written in the

same manner as was employed in developing Equation (81) which yields

equation (92) for the rate at which oxygen reacts at the surface.

. /__ '/Air

/4,; _ p,

Designating the heat of reaction of oxygen and gaseous carbon as

H c for unit mass of oxygen and the heat of vaporization per unit mass of

carbon as Hv yields equation (93) as the appropriate expression for QI"

(90)

(91)

(92)

(93)

\
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The negative sign in equation (93) is dictated by the convention that

the endothermic process of vaporization is assigned a positive energy, Hv.

Thus, according to our convention Hv will always be a positive quantity.

Equations (90) and (93) can then be combined to yield the energy balance

appropriate to the heterogeneous reaction regime. The resulting expression

is Equation (94).

where:

(94)

(95)

I

Q

Equations (81), (82), (83), (94) and (95) then represent a complete set

of equations which may be applied as a boundary condition to the Fourier

equation to describe the transient ablation of carbon throughout the hetero-

geneous reaction regime.

In the regime in which only homogeneous chemical interactions take

place the energy quantity QI in Equation (90) can no longer be considered

as a single term representing the energy of reaction of gaseous oxygen

with solid carbon since two distinct processes take place at different

locations in the system. The first of these is the direct vaporization of

the carbon surface followed by a diffusion of the carbon vapor out into the

boundary layer where it interacts with the oxygen diffusing towards the

surface. This chemical interaction occurs at some distance from the surface

and has the effect of modifying the convective heat transfer to the surface.

Lees (Reference 17) has shown that for Lewis numbers of unity _he location

of the zone of chemical interaction with respect to the surface is immaterial

and that the effect on heat transfer is to increase the enthalpy potential

by an amount equal to the enthalpy change for the chemical reaction. This

enthalpy change per unit mass of free stream gas is simply the heat of

reaction per unit mass of oxygen time the weight fraction of oxygen in

the free stream. In this regime the energies associated with the ablation

process can then be written in the form of Equation (96).

Consider the conditions under which direct vaporization takes place

in a typical problem. It is easily seen that in the region associated

with the homogeneous reaction process the ratio (_/_R) <4 1 and under

these conditions QI as defined by Equation (93) approaches Q[ as defined
by Equation (96). Equations (94) and (95) then represent the proper

energy balance at the surface over the full range of conditions under
which carbon ablation occurs.

(96)
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2.10 Interface Boundary Conditions

Boundary at X =El

The first condition is a statement of the energy balance at the interface.

Since the secondary materials are assumed to transport energy by conduction

only, all energy entering the boundary leaves as a conduction flux.

at x =_I:

The second boundary condition at X =_i, is required by the continuity

equation (49). The assumption of nonporous secondary materials then requires

that Equation (98) be satisfied.

Boundary at X =.f2:

The boundary condition at the X =_p interface is obtained simply by

equating the conduction flux entering to That leaving the boundary.

(97)

(98)

(99)

Boundary at X = L:

A number of boundary conditions may be written at this rear face. These

include a constant temperature, radiative cooling, convective cooling, or a

condition of insulation. For the present purposes the surface is assumed to

be insulated and the applicable condition is given by Equation (iOO).

4: z 'z=L

2.11 Coordinate Transformation

Since the heated surface generally recedes in a fixed coordinate system,

the numerical solution of equations (47) to (52) are conceptually complicated

by the displacement of the surface through temperature and density nodes in

the fixed x coordinate system. This means that the space subdivisions near

(i00)
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the surface undergo rapid changes in size as the ablation front approaches

and furthermore that once the front goes by the nodes must be discarded

from the calculation. These large changes in space increments produce

large change in the coefficients of the finite difference equations,
making accurate solutions more difficult to obtain. To minimize these

rapid changes and to efficiently utilize the number of nodes pre-

serfctransformation from a fixed, x, to a moving, y, coordinate system

is introduced for the region S _ x <---_i" Defining

then:

dZ-5

y --

(lOOa)

It is readily seen that an additional term will enter the energy equation
through the operator

,y. - k.,8, -S" i:

This new term accounts for the convection of energy due to the motion of the

medium toward the fixed boundary. Applying the above operations to the region

S _ x _I gives the following new form to equations (47) to (52):

@j -39-
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t

_,, -/5'S
(zooi)

In the above equations it is understood that:

T = T(y,t)

= _(y,t)

w = w(y,t)
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The boundary conditions (55) and (95) are also transformed to the following:

aty=O

aty= l

-(, _.")Fo{(i-_'_P f--_(_'_)l- :2 E

The preceding equations together with the initial and boundary conditions

represented by equations (54) through (iOO) constitute the mathematical model

employed for the transient behavior of charring ablators. The digital computer

program described in Volume II is based on this analysis and solves the problem
presented in this analysis.

(lOOk)
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3.0 Interpretation of Test Data

The successful design of an ablative thermal protection system requires

first that the system provide adequate protection for the mission payload and

second that this be accomplished by means of a system of minimum weight consis-

tant with the reliability requirements and with good design practice. The

problem of the choice of appropriate design safety factors is more philoso-

phical than technical and will not be considered here. On the other hand it

is usually critical that the heat shield designer be quite aware of the

degree of controlled conservatism that is being introduced into the design of

the system. If he is not in control of this conservatism the designer is

open to deserved criticism either upon failure of the payload to survive or

for having penalized the overall system through overdesign of the heat shield.

Generally speaking flight test programs provide little useful information to

the designer since, barring initial flight test disaster, the information is

received too late to influence anything other than the design of subsequent

systems which may employ the same material.

The preceding considerations lead directly to the requirement for a physi-

cally valid analytical model together with a characterization of the basic

ablative material within the framework of the model. By characterization is

meant the process by which values are established for the material dependent

parameters which appear in the model. The general lack of usable flight test

information requires that this characterization process be accomplished by

means of test data obtained in laboratory facilities under conditions which

are far removed from the flight environment. The analytical model thus in

a very real sense represents the scaling law which must be employed to predict

the flight performance of a system in terms of the performance of the system

in ground test facilities.

In practice a number of types of experimental data must be examined in

the process of compiling an appropriate set of material dependent characteris-

tics for use in any given analytical model of the ablation and heat transfer

processes. The data which have been examined in the case of the Apollo mat-

erial are discussed in some detail in the following sections.

l

3.1 Ablation Test Data

3.1.1 General Considerations

Ablation data are obtained from experiments in which both energy and mass

transfer effects play a significant role. These tests are run in facilities

where the ablation process is induced by means of a controlled energy source

and in which the several material performance parameters can be carefully

measured. In order that these data be useful for the purpose of obtaining

quantitative information for use in the mathematical model it is required

that the experiments be run in such a way that near steady state ablation is

achieved over a significant portion of the total test time. Unless the time

variable can be removed from the data analysis process it becomes impractical
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if not impossible to interpret a series of tests in a way which yields quantita-

tive values for the several material dependent parameters which appear in any

realistic model of the ablation process. In the case of test data obtained in

experiments where such quantities as surface recession rate are deduced on the

basis of pre-test and post-test dimensions together with the total test time

the condition that steady state be achieved over a significant portion of the

test time is of particular importance. Generally the question of whether this

condition has been met by a given set of test data cannot be completely answered

on the basis of the test data alone. Generally speaking tests run at less severe

conditions require longer running times to satisfy this requirement than do those

which have been run under more severe environmental conditions. This implies

that there is some lower limit on the total surface recession during a test

below which the data become meaningless for the purpose of quantitative inter-

pretation. This, however, is only a portion of the story. In order for an

experiment to be interpreted as a steady state experiment in the case of a

charring ablator the post-test char thickness must be small compared to the

sum of the post-test char thickness and the total surface recession. This

condition arises as a result of the fact that tests are initiated on samples

of the virgin material in which no charring has taken place and one of the

conditions for steady state ablation requires that the rate of char propaga-

tion into the virgin material be identical with the surface recession rate.

A quantitative statement of the condition stated above is given by

equation (I01).

(4SI_ t) = _(S + _c)l At (lOl)

In equation (i01) S is the coordinate of the surface, t is the time, _c
is the char depth measured from the heated surface and the operation indicated

by A is the usual one of differences between initial and final states. It

is clear from equation (I01) that in tests which are initiated on virgin mater-

ial samples this condition can never be rigorously satisfied.

Steady state is defined as a process in which the energy and mass transfer

processes which take place remain invariant in a coordinate system fixed on the

heated surface. This requires that the rate of surface motion is constant in a

laboratory coordinate system. It also requires that the char thickness remain

constant and that the temperature distribution remain fixed with respect to the

moving boundary. A consequence of these requirements is that the location of

any isotherm must be a linear function of time iN a laboratory coordinate

system. A further consequence of the definition of the steady state is that

the weight loss experienced by a sample as a result of a steady state ablation

experiment is given exactly by the product of the virgin material density,

the sample cross sectional area and the sample length loss. This may be

expressed as the following:

AW = po A _L (102)
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Theinitial sampleweight, WI, canbe expressedin terms of the initial
length, LI, by meansof a simple relationship.

WI = _ o A L1 (IO3)

Combiningtheseequationsresults in a relationship betweenthe length
loss, the weight loss, the initial weight and the initial length whichmust
hold for anyexperimentcarried out under steadystate conditions.

L1 n W = W1 _ L (104)

This relationship canbe usedas the basis of a test to be applied to
ablation test data as a criterion of steadystate ablative performance. The
measurewhich is adoptedis the ratio of the fractional weight loss to the
fractional length loss. For experimentsin which both weight loss and length
loss are directly measuredquantities this parameter,F, is simply defined by
equation (105).

L1 AW
F =

W1 &L

(1o5)

D

!

In equation (105) L is the sample length, W is the sample weight, the

subscript 1 refers to the pre-test values and 4 is the same operation

indicated in connection with equation (IO1).

In application to experimental data the quantity F as defined by equation

(105) is the ratio of the experimental weight loss to the weight loss which

would have been experienced by a sample in a steady state experiment where

the length loss was A L. In those experiments in which the post test char

thickness, _ c' is measured an alternate definition of F can be formulated.

The calculated experimental weight loss based on the length loss and char

thickness is given by equation (106).

_W m = _o A _L + ( _'o " _c ) A _c (106)

The calculated weight loss based on &L for a steady state experiment

is given by equation (102). The ratio of these two weight losses leads

directly to the alternate definition of F given by equation (107).

_L + (i - .PcI_ ) _cF =

.4L

(107)
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Although the quantity F as defined by equation (105) is in principle the

same as that defined by equation (107) the two definitions are effected quite

differently by experimental errors. In the case where the weight loss is

directly measured the errors in length and weight measurement allow F to

scatter to values less than unity depending on the accuracy and consistency

of the measurements. Such items as non-uniform recession of the heated

surface also can contribute to a large scatter in this case. On the other

hand in those cases where the weight loss is deduced on the basis of the

length loss and the post-test char thickness values of F less than unity are

clearly impossible since _c is a finite, positive quantity. The general

trends in the test data would be expected to be similar however, even though

the experimental scatter will have a different appearance for the two defini-
tions of F.

It is of interest to exhibit the parameter F as a function of some

other test parameter which might be expected to indicate an approach to

steady state ablation. As stated earlier it is expected that tests run

under more severe environments will more nearly approach the required steady

state condition. Generally speaking there is no single experimental environ-

mental parameter which is an adequate measure of its severity. A material

response parameter is available, however, in the average surface recession

rate, ( _L/ _ t). The larger values of this rate are expected to be asso-

ciated with the more nearly steady state experiments.

Figure (IO) shows values of the parameter F plotted as a function of

the average surface recession rate for a large number of experiments in

which the only available data are pre-test and post-test sample measure-

ments. The data are those obtained by NASA/MSC in the Plasmadyne facility,

the NASA/MSC data from the radiative test facility at Southwest Research

Institute and a sampling of data points from the AVCO/OVERS test facility.

As is evident from the figure the data from all of these facilities departs

significantly from the requirement that F be very close to unity in order

for the data to be quantitatively useful. The trend expected with increas-

ing average recession rate is clearly evident in the test data and no clear
cut differences between radiative and convective tests are evident.

Figure (Ii) is an expanded view of the radiative data from the Southwest

Research Institute in which the nature of the environmental gas present in the

chamber during the test is indicated. Again no significant differences are

apparent in the behavior of the parameter F.

The AVCO/Model 500 test data are free from several of the problems asso-

ciated with the data shown in Figures (iO) and (Ii). In general the average

surface recession rate is in the range of 2 X 10 -2 to IO X 10-2 inches per

second which places the data far to the right of the data shown in Figures

(10) and (ii). More importantly, however, is the fact that surface recession

rates are obtained from high speed silhouette movies taken during the test.

The rate is then obtained during the latter part of the run when the initial

transients have dissipated and the surface position is a linear function of
time.

I
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In employing the parameter F as defined by equations (105) or (107) it

is useful to make an estimate of the maximum value of F which will allow a

usable interpretation of the data within the framework of a steady state

analysis. Although such an estimate is of necessity subjective it is be-

lieved that for the material under consideration here the maximum value of

F should not exceed 1.2 for useful quantitative data interpretation.

3.1.2 Stasnation Point Ablation Data

The technique for examining steady state ablation test data is quite

general and applies to any data that satisfies the requirement that the data

be reducible within the framework of a steady state analysis. The analysis

is then applied to the Avco/Model 500 data as being the only available data

which satisfy the data reduction requirement. In the bulk of stagnation

point ablation tests the observational quantities which are reported are a

calorimetrically determined heat flux, qcal' a stagnation pressure, P, and

a stagnation enthalpy, H s, describing the environmental conditions of the

test. The material rela_ed quantities which are normally reported are a
surface recession rate, S, and either a surface temperature or the total

surface radiation loss, qr" In some cases total length loss and test
duration are reported in place of surface recession rate and in some cases

an external radiant energy flux, Fs, is imposed. Although the environmental

parameters of heat flux, enthalpy and pressure are not strictly independent

they will be treated as such in the present analysis since they are, gen-

erally speaking, determined independently.

The steady state ablative behavior of a char forming material can be

described by an energy balance in the form of equation (108).

qc (H s + . Hw ) _b+ (i R o) F s - _
H-_ WeQ2 " " qr p (Ts " Tref) = m Q1

In equation (108) qc is a "cold wall" heat flux, _ is the ratio of heat
transfer with mass addition to that without, __ is an average specific

heat of the char and gaseous products at the s_rface temperature Ts, and

Tre f is a reference surface temperature or "standard ablation temperature"

to which the energy terms Q1 and Q2 are being corrected. In particular,
since no material ablates at a fixed temperature, the term in C removes

this variation from QI thus making QI a "true constant". The q_antity QI
contains the latent heats of charring and vaporization of the material

together with the sensible or Cp A T heats for the system. QI will be
a constant if the heat of vaporlzation is independent of temperature

over the range of surface temperatures in the test series and if the

"reaction zone" temperature for the char forming reaction is nearly

constant in the series. Equation (108) can be re-written in the form of

equation (109) which is a linear form suitable for statistical treatment.

(IO8)

Y = QI Q2 X
(109)
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whete:

y = _qc (Hs Hw) _ + (i - Ro) Fs qr "_ (T s . Tref )
m Hs m P

X = We qc

H s

0

The quantity _ , which is the effect of mass addition on heat transfer, has

been written in numerous ways in the literature. The form most frequently

employed at Avco is given by equation (ii0) and is a result of a survey of

existing analytical and experimental work on this subject.

where:

_ = EXP I - f (I + (X f) 1

f = _m H s

qc

The parameter _ is to be determined from the test data and depends on the

material, on the free stream gas and on the flow conditions, i.e., axisym-

metric stagnation point, laminar flat plate, etc. The quantity O_ in

equation (ii0) has been found to be independent of flow conditions and

material and to have a "best value" near 0.618. (See Sections 2.5 and 2.6).

To be precise, the combination (_ m) appearing in the definition of f

should be separated into a portion due to the surface removal and a portion

due to the gaseous products of the charring reaction. It is impossible,

however, to separate these two components on the basis of steady state

ablation experiments hence the use of a lumped term with the necessary

separation to be accomplished by other means.

For each experimental point, values are obtained for the quantities Y

and X as defined by equations (109) and (ii0)° The procedure for finding

best values of Q1, Q2 and_is based on finding least squares values of QI

and Q2 for a sequence of values of _ then finding the best values of the
three constants such that equation (III) is satisfied.

In equation (iii) the summation is over all experimental points, Xi is the
"observed" value of Y_and _ is the value computed on the basis of the least

squares values of QI and Q2" This procedure will be discussed in more

(Ii0)

(iii)
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detail in a later section.

Since not all of the quantities appearing in equation (108) are directly

observed in the experiments their values must be obtained in terms of the

observed quantities. Some of the quantities require a knowledge of other

derived quantities for their evaluation and thus require a series of success-

ive approximations involving the entire set. A description of the iterative

technique employed will be given in a later section.

A. Surface Temperature_ T s

The surface temperature plays an important role in the data reduction

being required for several terms in the calculation including the wall

enthalpy, _., and the radiative flux, q , in some cases. Several
W r

optional situations arise when dealing with this quantity and they

are discussed separately. The choice of which technique is employed

depends upon what type of data are available and prior knowledge

regarding the ablation system being considered.

i. In some few cases the surface temperature is either known or

is measured and hence poses no problem since it then becomes an

input to the calculation.

2. In many cases the observational "quantity is the net radiative

loss from the ablating surface. In those cases where a surface

emissivity, _ , is also known the surface temperature is obtained

from equation (112) where _B is the Stephen-Boltzmann constant.

3. In some cases where q is a measured quantity the surface

recession rate, s, and th r surface temperature bear a known

relationship to each other either on the basis of theoretical

or empirical considerations. In such cases the surface temp-

erature is obtained by solution of equation (113) for Ts and

combining this temperature with qr to obtain a value for the
emi s sivi ty.

"q =El + _2 Ts EXP - s

E = qr / O" B Ts 4

B. Wall Enthalpy_ Hw

A solution for the wall enthalpy Hw is entirely straight-

forward once the surface temperature and stagnation pressure

are known. Current practice at Avco considers an equili-

brium mixture of nitrogen molecules, oxygen molecules and

oxygen atoms. (See Section 2.8).

(112)

(113)

(114)
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C. "Cold Wall" Heat Flux_ qc

The cold wall heat flux, qc' is defined as the heat flux to a
non-ablating wall at which the enthalpy of the free stream

fluid is zero. When divided by the local static enthalpy this

quantity then becomes the heat transfer coefficient in terms of

the enthalpy as a driving potential. The cold wall flux as

defined in this manner is not independent of the wall temp-

erature as might be expected since the "average" values of the

properties of the gas which determine the heat transfer coeffi-

cient depend to some extent on the temperature associated with

the gas at the gas-wall interface.

The cold wall flux associated with the calorimeter measurement,

q_, is obtained in terms of the calorimeter flux, qc "' the

stagnation enthalpy, Hs, and the wall enthalpy assoclated with

the calorimeter measurement, Hwr.

!

qc = qcal Hs/(Hs " Hwr)

In order to estimate the wall enthalpy associated with the calori-

meter measurement it is necessary to obtain a value for the calori-

meter wall temperature Tsr. In many cases the calorimeters employed
are of the water cooled steady state type. For these cases the

value of Tsr can be obtained from equation (116) where_ is the

calorimeter wall thickness, k is its thermal conductivity and T
w

is the mean temperature of the cooling water.

Tsr = (_) qcal + Tw

(i15)

(116)

In the case of transient calorimeters Tsr must be estimated as the
average surface temperature during the calorimeter run.

Having obtained T the calorimeter wall enthalpy is obtained by
sr

the same process used to obtain Hw in the preceding section only

using Tsr and P as the primary quantities.

In order to obtain the cold wall flux associated with the ablation

experiment it is necessary to account for the effects of wall

temperature on the heat transfer coefficient. This process has

been discussed in another section of this report where it is

shown that these effects can be correlated in terms of the wall

enthalpy and recovery factor. For an axisymmetric stagnation

point it is shown that this effect can be accounted for by means

of equation (i17).

t -0.037

qe = qc ( H__w )
Hwr

(117)
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The final combined expression for qc in terms of the observed quantities

together with Hwr and H s is then equation (118).

% H -0.037
W

= ) (--)
qc qcal ( Hs - Hwr Hwr

D. Radiative Loss_ qr

i. In most cases q is given as an experimentally observed quantity and
• r.

hence zs used as an Input to the data reduction process.

2. In some cases, of which certain low temperature ablators are examples,

measured values of qr are not available and this quantity must be obtained

from other input information. These correspond to those in which the sur-

face temperature is obtained by methods A.I or A.3 above. Having obtained

the surface temperature by either of these two methods this temperature is

combined with a known emissivity to obtain qr by means of equation (119).

4
qr = 6 O- T s

B

In some cases where q_ is not measured the emissivity should in reality
be written as a functzon of the ablation rate as a result of internal

self glowing of certain materials. These cases are not considered here,

however, since their frequency is small.

Having obtained all of the quantities required to evaluate Y and X in

equation (109) the problem becomes one of obtaining "best values" of

the parameters QI' Q2 and _ based on a set of experimental data.

The procedure currently in use considers a best fit subject to Y errors

only. A value of _ is selected and values of Yi and X$ are obtained

for each of the N experimental points and values of Q1 (_) and Q2 (_)
are obtained by least squares using equations (120) and (_21).

ql ( _ )
SI.S 4 - $2,S 5

S I' S3 - $2 z

S2.S 4 - S3.S 5

S I" S3 - $22

(i18)

(119)

(120)

(121)

J

where:

SI = _ Wi" Xi2

i

S 2 = _ Wi'X i
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S 3 = 7, W i

S 4 =7 W..X.
i i

S 5 = _ Wi'Xi'Y i

#

The quantities W. are the weights assigned to each point and their

evaluation will _e discussed in a later section. A measure of the

"goodness" of the fit is obtained by evaluating _2 (_) which has
been defined as in equation (122).

V 2
ahes of (F ( _ ) are computed for a sequence of values of_'_.

Successive values of _,_ are selected such that a minimum in G "L

(_) is found. Five values of CY"2 (_) are selected such

that at least two values lie on either si_e of the minimum as

determined numerically. These five values are then fit by least

squares to a cubic equation in _ and the best value of _ found

as the solution of the quadratic obtained by setting the first

derivative of this equation equal to zero. Finally, "best" values

of QI and Q2 are obtained for this value of _ as explained pre-
viously.

The weights associated with the experimental points are obtained

on the basis of the degree to which the individual data points

agrees with the least squares fit of equation (108) on the entire

set; If enough information were available regarding the probable

errors in each of the experimentally determined quantities a

more rigorous weighting process could be used but this is not

practical at the present time since in general this information is

lacking. For the present analysis the weights are taken as pro-

portional to the probability that an observed value of Y will

deviate from the least squares adjusted "best" value by as much

as the observed deviation. The weights employed are then given

by equation (123).

where :

(122)

(123)

(124)
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K = N/ _ W i

i

A rational expression for the integral appearing in equation (123)

is available resulting in equation (126) as the final expression

for the weights. 2

2 ti/2

W. = K EIU i + E2U i + E3U i
i

where:

U i = I/(i+ E4t i)

E l = 0.17401

E 2 = -0.047944

E 3 = 0.37393

E 4 = 0.33267

(125)

(126)

3.1.3 Turbulent Pipe Data Analysis

The interpretation of the data obtained from the AVCO "turbulent pipe"

ablation test facility is subject to a number of uncertainties. Several of

these uncertainties arise from the variation in pipe diameter during a test

and from the necessity for deducing the behavior on the basis of measurements
made before and after the test rather than from direct observation during

the test itself.

The present analysis is based primarily on the assumption that the

"hot wall" convective heat flux to the walls of the pipe varies during a

test in accordance with Equation (127).

where:

qo = qoo (D°/D)_

qo =

qoo =

D =

"hot wall" flux

"hot wall" flux for diameter Do

instantaneous pipe diameter

D o = initial pipe diameter

(127)
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I
Under the assumptionthat the heat of ablation, Ha, and the radiation

loss, q , are constant the assumptionthat the ablation processcan be rep-
resente_ by a series of instantaneoussteady states yields Equation (128)
as the differential equation governingthe time variation of pipe diameter.

= B1-D - B2

2 qooDo
B1 -

P _a

2 qr

B 2 - _ Ha

In equation (128) p is the sample density. We now introduce the time, c_",

as measured from the beginning of the steady state ablation process.

Equation (128) can then be formally integrated to yield Equation (129)

where _ has been introduced as a variable of integration.

D (_) = Do - B2_ + B D (_) d_

Successive approximations to the function D ('_) can be obtained using

Equation (129) and the method of Picard which requires a first approxi-

mation to the function. In order to obtain this first approximation

consider Equation (128). It is assumed that the radiative loss from the

pipe is small compared to the convective heat transfer rate. The first

approximation, D I (_E'), is then obtained by integrating Equation (128)

with B 2 = O. The resulting relation for D I is that given by Equation
(130).

I

DI(_) = (1 +_) BI"_ + DO

(128)

(128a)

(128b)

(129)

(130)

Making the appropriate substitution, the second approximation D2 (_C")
is obtained by combining Equations (129) and (130).

O_

D2('_ ) = Do - S2(_) + B I (I+CX) BI_+ Do I+_ _v_

A=O

Equation (131) can be easily integrated to yield the function D (-C).
i 2

D2('_) = I (i +o_) BI _ + D l+C_J_'l+_' o - B2 _

It should be noted that Equation (132) can also be written:

(131)

(132)
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D2("I") = DI( _ ) - B2•

It canbe shownthat for this situation, whereD is a single valued function
of'C', this methodconvergeson the true function, D (_C), in an alterna-
ting fashion andhencethe maximumerror in a given approximationis less
than onehalf the difference betweensuccessiveapproximations. Thus, in
the present case, the maximumerror in D2 ("_) is less than (½ B2"_).
As a result of theseconsiderations, the variation of pipe diameterwith time
is then takenas Equation (134) wherethe quantity R is a factor whosevalue
lies between0.5 and 1.0 andwhose"best" value canbe found by numerical
integration of Equation(128) for several typical cas_s.

I+_ _ i+£
D(_g" ) = {(I + _) BI_ + DO J - R B2_"

L

If _ is the time interval during which the pipe changes diameter and A W is

the total loss in weight of a pipe of length L the foregoing assumptions

lead to a second expression for D (_).

I 4 _l_/Ti-_ 2 I °/ZD(_') = __/_

Equations (134) and (135) can then be employed to eliminate the diameter D

and to obtain an expression for B I.

G,.)r

Equations (136) and (128) can then be employed to yield an expression for the

"initial" mass transfer rate, mo.

.a

2 m o = p D(o) = pB I Do - B 2P

or :

(133)

(134)

(135)

(136)

(137)

- f 8z(138)

$-

Equation (138) contains the quantities _and H a (in B_) which are not a part
of the experimental data and as a result these quanti_ies must be estimated

by other means. The time, _" , must be distinguished from the total test

time t since it is assumed that some period of time is required before

ablation begins. This time is known as an "induction time" and can be

w
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estimated by means of the following considerations.

For the present purposes, assume that the temperature distribution at

the "initial time", to, is given by the usual steady state approximation.

(T - T°) = (Ts " T°) exp_ _ m° YIK

In equation (139) C is the specific heat, K is the thermal conductivity,
P

T s is the surface temperature, To is the initial temperature and y is the

coordinate measured from the surface. The amount of thermal energy stored

in the material is then given by Equation (140).

Qs = pCp _ (T - T o ) dy = p K (T s -T o )
_o

y=o

It is further assumed that the average convective flux during the "induction"

period is qoo" This assumption somewhat overestimates the induction time but
is consistent with there being internal decomposition processes which make

Equation (140) a low estimate of the stored energy. The resulting expression

for the time in terms of the induction time, to, and the total test time,

t is given by Equation (141).

= t - to = t -
pK (T s -T o)

qoo mo

In the tests as currently run, the heat flux to a calorimeter is measured in

a pipe having the initial diameter Do . The "hot wall" heat flux qo in terms
of this calorimeter heat flux can be shown to be given by Equation (142)

where q 1 is the calorimeter flux, Hw is the enthalpy at the ablating wall,a
H s is t_e stagnation enthalpy of the flow and Hca 1 is the wail enthalpy
associated with the calorimeter.

(139)

(140)

(141)

lh+ w1
qoo = qcal Hs Hcal IHs_ HcalJ

The surface temperature associated with the ablation process is needed in

order to obtain H and qr' the radiation loss. The resulting values obtained
for the heat of a_lation are not overly sensitive to this surface temperature,

and it is, therefore, assumed to be constant during the course of a test.

The value of the surface temperature is obtained from the model 500 test data.

(142)

_4
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Theequation employedfor the heat of ablation is Equation (143).

'IHa - rno qoo - qr

where:

4

qr = _eff O" T s

In equation (144) the quantity _ eff is an effective emissivity which accounts

for both the natural emissivity of the material and the geometric factors

peculiar to the pipe test.

In summary, the preceding discussion yields a set of equations which

can be solved simultaneously by numerical methods to yield the initial

mass transfer rate, the heat of ablation, the induction time, the surface

temperature and the corrected hot wall convective heat transfer rate in

terms of the material properties and the test data. For convenience, this

set of equations is repeated below:

(143)

(144)

(145a)

- 0,508

I H,s /4_:_L. 14s +NeAc

(145b)

Hw = Hw (rs' P)

4

qr = Eeff (7"Ts

(145c)

(145d)

' f [ //P. ,j I+of
(145e)

B 2 =
2 qr

_Ha

(145f)

= t - P K(Ts'T°)

qoo" mo

(145g)
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It should be emphasized that the above analysis assumes that the test is

of sufficient duration that the steady state assumptions apply. If, on the

other hand, the test does not approach steady state, then any interpretation

in terms of a meaningful "heat of ablation" is impossible since the entire

"Ha" concept is one of steady state and has no meaning in terms of a trans-

ient problem. This situation may well pose serious problems in the inter-

pretation of test data for materials having high values of H , k and T s.
This is at least qualitatively evident from an examination o_ the expression

for the "induction time" which can be written in the form of Equation (146).

Equation (146) indicates that high values of k,.T s and Ha all tend to increase
the "induction time" and hence for a fixed test time to decrease the value

of _ and thus increase the uncertainties in the analysis. It should also

be noted that the effect of going to small heat flux levels is profound in

terms of the induction time to .

3.1.4 Numerical Analysis of the Test Data

The data employed for an interpretation of the Apollo material ablative

performance are those resulting from tests in the Avco Model 500 test facility.

The reasons for rejecting data from other sources have been detailed earlier

in this section. The data available from the Model 500 facility consist of

some 91 test points covering the range of stagnation enthalpies from IOO0 to

IOOOO BTU/Ib. The reduction of the raw test data follows the procedure given

in the preceding paragraphs. Figure (12) shows the data plotted in the form

of a heat of ablation as a function of stagnation enthalpy. The heat of

ablation as plotted is defined as the net heat flux to the sample (apart from

combustion effects) divided by the steady state mass transfer rate.

4

H_ _ _'c_Hs IHs _Nw ] Eo-Ts

Also appearing in Figure (12) are a group of seven test points obtained

in the Avco i0 Megawatt turbulent subsonic pipe test facility. These data

have been reduced in the manner previously described with the quantity H a

being defined by equation (143). These data will be discussed in a later

paragraph.

As can be seen from the figure the Model 500 data are reasonably con-

sistent although the scatter in the points is about + 35% in the heat of

ablation at stagnation enthalpies near 6000 BTU/Ib.

It is generally considered that the interaction between the charred

surface of the Apollo material and the environment presented by flight

through the earths atmosphere is controlled by a chemical interaction on

(146)

(147)
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f

the condensed surface. If this is the case and the reaction is controlled by

the diffusion of either reactants or products across the boundary layer then

to a good approximation the ablation rate should be proportional to the pro-

duct of the heat transfer coefficient and the concentration potential asso-

ciated with the rate limiting species. Figure (13) shows the ratio of mass

transfer rate to the heat transfer coefficient as a function of surface

temperature as obtained from the Model 500 test data plotted as a function

of surface temperature. As can be seen from the figure there is no apparent

trend in the diffusion parameter with surface temperature and the scatter in

the data is similar to that found in the heat of ablation-stagnation enthalpy

plot of Figure (12). Conclusions to be drawn from Figure (13) are that the

diffusion controlled mechanism is indeed entirely consistent with the experi-

mental data and further that the concentration potential associated with

this diffusion process is not a sensitive function of surface temperature

over the range indicated in the figure.

The conclusion that the concentration potential associated with the rate

controlling diffusion process is insensitive to the surface temperature is an

important one. If the diffusion process which limits the ablation rate involves

the movement of reaction products away from the heated surface toward the edge

of the boundary layer the validity of this conclusion requires that the concen-

tration of this species at the wall be independent of temperature over the

range represented by the experimental data. If the rate limiting process

involves the diffusion of a component of the environmental gas toward the

surface, then the heterogeneous reaction rate between this component and the

solid surface must be sufficiently large to reduce the concentration of the

diffusing component to near zero at the surface. In addition the product of

this heterogeneous reaction must be quite stable relative to the reactants

such that the equilibrium at the surface conditions greatly favors the pro-

ducts over the reactants. With these considerations in mind one can then

proceed to examine in some detail the situation involving the Apollo matemial

exposed to an air environment. Such an examination can be aided by a con-

sideration of the thermodynamic equilibrium between air and the Apollo

material over the range of temperatures, pressures and air concentrations

associated with the experimental data.

Such calculations have been performed using data from the JANAF

Thermochemical Tables and employing a total of 38 gaseous species. The

gaseous species considered were: C, CH, HCN, HCNO, HCO, CH2, CH20 , CH3,

CH4, CN, CO, CO2, C2, C2N2, C302, H, NH, OH, SiH, H2, NH2, H20 , NH3,

N2H4, SiH4, N, NO, NO2, SiN, N2, N20 , O, SiO, 02, SiO2, Si, Si2, Si 3.

The charred surface in equilibrium with this mixture was assumed to consist

of carbon and SiO 2. Calculations were performed over a wide range of temp-

eratures (18OO-5500OR), pressures (O.01-i0.O atm) and weight fractions of

air (O.0 - 0.7). The only species which satisfy the condition of yielding

a near constant concentration potential were oxygen and carbon monoxide.

All other species either showed concentration variations of several orders

of magnitude over the range of the experiments or were found to be present

in such small amounts as to preclude being responsible for the ablation

process. The question of whether the diffusion of oxygen or the diffusion

of carbon monoxide is the rate limiting step in the present case is also

Q
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f

answerable on the basis of the equilibrium calculations referred to above. If

the process were due to the diffusion of carbon monoxide then there would be

appreciable amounts of uncombined oxygen in equilibrium at the surface. Such
is indeed not the case and the calculations indicate that the concentration

of free oxygen at the ablating wall is negligible over the range considered.

The ablation controlling process is thus taken to be the diffusion of oxygen

to the surface from the outer edge of the boundary layer over the entire

range of the experimental data indicated in Figures (12) and (13).

Although it appears clear that the only diffusion process which satisfies

the requirements associated with the test data is that involving oxygen moving

toward the heated surface, it is of some interest to examine the possible

range of ablation performance associated with other diffusion processes. For

example, consider the process in which nitrogen is the reactant at the wall

to yield CN as a primary gaseous product. Although this reaction undoubtedly

contributes to the overall ablation process, as do a number of other chemical

reactions at the surface, the nitrogen diffusion process cannot be the limiting

one since nitrogen is very stable with respect to the possible products of its

reaction with the charred surface. If this were not the case, however, and

one postulates surface reaction to be carbon and nitrogen to yield CN, it

then is possible to evaluate the theoretical value of the diffusion parameter

plotted in Figure 13. Assuming the charred surface to be 40% carbon and a

ratio of virgin to char density of 2.0 the analysis as presented in Section

2.9.2 can be used to evaluate a "theoretical" value for the diffusion para-

meter for several possible reactions.

Equation (80) of Section 2.9.2 represents the diffusion limited mass

ablation rate for a surface which is a pure reactant. Application of the

analysis in that section to a material whose surface is not pure carbon

but rather which has a weight fraction W c of available carbon and (I - W c)

of an inert component yields equation (148).

(148)

where:

Equation (148) can be readily solved for the diffusion parameter,

(_o Hs/qc), based on a postulated chemical interaction at the ablating

surface. Consider for example the reaction of carbon and oxygen to

yield carbon monoxide as represented by reaction (A)

C(s ) + i/2 02(g ) _ CO(g)
CA)
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Application of equation (148) to this reaction yields the following
results.

We = O.2314

_c = 0.4

_2 = (12/16)

= 0.6

0

mo Hs}

qc / A

= O.571

Equation (149) can be re-written in terms of the surface recession rate,

S. This rate is given by equation (149a).

qc

SA(in/sec) = 0.208 C_s _

q --- BTU/ft2-sec
C

H "" BTU/Ib
S

(149)

(149a)
i

In the case of a postulated reaction between carbon and nitrogen the

appropriate chemical reaction is (B).

C(s ) + 1/2 "_N2(g ) CN(g)

Application of equation (148) to this chemical system yields the

following results.

W e = 0.7686

W c = 0.4

2_4 2 = (12/14)

= 0.6

• H

C mo s ) = 1. 182
qc B

(in/sec)
B = 0.430 < ___qc

S

(B)

(150)

(150a)
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A third reaction which can be postulated is the reaction carbon and oxygen

to yield carbon dioxide.

C(s ) + 02(g ) _ C02(g )

In the case of this reaction the use of the diffusion approximation

leads to the following results.

W e = 0.2314

W c = O. 4

2 = (12/32)

= 0.6

(c)

mo Hs 1
qc C

O.345 (151)

S c (in/sec) = 0.125 _s
(151a)

The values for the diffusion parameter for these postulated surface

reactions are indicated in Figure 13 for comparison with the test data.

It is also possible that a reaction between the silica and carbon in

the charred material can take place which would have an effect on the values

obtained for the several reactions. One such reaction which has been post-

ulated involves the reaction of SiO 2 and carbon to yield CO and SiO. Assuming
• I

the weight fraction of carbon which is left by the pyrolysis reaction zs Wc,
this reaction can be written as (D).

I i I'

gO J (D)

The excess free carbon is represented by the last term on the right

hand side of reaction (D). The weight fraction of the char which is

excess carbon and availablem react with the free stream gas is then

given in terms of W_ by equation (152),

I I

WC = 12 k _0 = 5
(152)
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Underthe conditions previously assumed,namelythat the pyrolysis reaction
producesa material with a weight fraction of carbonequal to 0.4, equation (152)
yields an effective value of the carbonweight fraction equal to 0.28. Useof
this value of Wc for the reactions consideredpreviously yields a newset of
chemical reactions anddiffusion parameters.

\ iZo (t_)

i

II-_'_.\
i

4- DA)

4

0

(m°"sI
qc / DA

= 0.716

(qc DA(in/sec) = 0.260 _s

(153)

(153a)

\ a'Z ] #20

too Hs_

qc J DB

SDB(in/sec) =

1.366

DB)

(154)

(154a)

i

\

g

+

m° Hs_ = O.451
• q_ / DC

_Dc(in/sec) = 0.164

---)

(155)

(155a)
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Thevalues obtained for the diffusion parametersfor reactions (DA), (DB)
and (DC)are also comparedwith the test data in Figure 13.

As can be seenfrom the figure the AvcoModel500 are entirely consistent
with a diffusion reaction involving the production of carbonmonoxide. Onthe
surface the most consistent explanation of the data appearsto be reaction (DA)
although the choice between(A) and (DA) is not clear cut whenit is considered
that the ablation indicated by reaction (A) is without doubt augmentedby other
processessuchas (B) and (C) as well as a numberof other minor reactions
which havenot beenconsideredin detail. Thequestion of the chemicaldetails
of the ablation processmustbe answeredon the basis of a detailed multicom-
ponentboundarylayer analysis in which the ablating surface is coupledinto
the problem. In the absenceof suchan analysis, it is assumed,as stated
earlier, that the ablation mechanismin the diffusion controlled regimecan
be adequatelyaccountedfor in termsof an "effective" reaction resulting
from the diffusion of oxygento the heatedsurface. As indicated in Figure
13, this "effective" reaction probably involves morethanthe simple reaction
of carbonand oxygento yield carbonmonoxide. Using this reaction as the
major factor and providing the form of the equations to be employed,the
effective weight fraction of carbonat the surface and the ablation energies
are then deducedfrom the experimentaldata.

TheModel500 data have beenreducedemployingthe weight fraction of
oxygenin normalair (0.23) for the quantity We appearingin equation (108).
It shouldbe noted that no set of convectiveexperimentsin a gas of fixed
composition (all experimentaldata falling in the diffusion ablation regime)
will serve to separate the quantities QI andQ2of equation (109). The
reasonfor this is obvious. Thequantity defined by equation (156) is
constant for a diffusion controlled process.

(156)

This being the caseand since the quantity _ is a constant the ratio
of heat transfer coefficient with mass£ransfer to the heat transfer with-
out masstransfer is constant.

It is easily seenthat with _land _ constant as well as W that
X is also a constant, e

x- + - E,

Thus only the combination (QI + Q2 X) can be determined from the present

test data. A unique separation of QI and Q2 must await adequate steady state

(157)

(158)
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ablation data overa range of compositionsfor the environmentalgas. For the
present purposesthe value of Q2has beenselected to be consistent with the
formation of carbonmonoxide.

Section 2.9.5 developsin detail the arguementsassociatedwith assign-
ing the energyquantity correspondingto the combustionenergyHc; this is
the sameparameteras the Q2of equation (109). In the present situation
this energyis that associatedwith the homogeneousreaction involving
equilibrium carbonvapor and oxygento yield carbonmonoxide. Theboundary
condition in which this quantity appearscan bewritten as equation (159)
which is the sameas equation (108)

I_5 =

Based on the data in the JANAF tables of thermodynamic properties the

energy associated with the reaction of equilibrium carbon vapor with oxygen

to yield carbon monoxide is approximately IOOOO BTU/Ib oxygen and this

value has been chosen for Q2 (the H c of Section 2.9.5). On this basis and

using the values of the virgin and char densities discussed in a later

section together with 500 BTU/Ib for the heat of pyrolysis per pound of

gas produced best values of the several parameters associated with the

ablation process are as follows.

= 0.6

Hv = 580 BTU/Ib

(159)

(160)

(161)

X _

Weqc

_oH s

= 0.2220

The mean value of X as given in (162) has been obtained by giving more

weight to the larger values of X i as being more probable in the light of the
possible experimental errors involved in the test data.

Equation (162) can be written in the form employed in equations (150)

and (150a)

0

:O.65O
qc expt.

S(in/sec) = 0.236 (qC/Hs)

The analysis of the test data also provide a value of the emissivity,

(162)

(162a)

(162b)
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basedon the measuredbrightness temperatureand the measuredradiative loss as
described in Section 3.1.2. Theemissivity obtained is given by equation (163).

N

It is also impossible in the present set of data to separate the blowing
parameterassociatedwith the pyrolysis products from that associatedwith
the surface masstransfer. In principle, this canbe accomplishedby means
of steady state ablation experimentson fully charred samples. A by-product
of the equilibrium calculations described earlier allows sucha separation
to bemadehowever. Thecalculations donefor the casewith no air present
yield an estimate of the molecular weight of the pyrolysis products whicb
whencombinedwith the correlation for the effects of massinjection on
heat transfer describ_in another section of this repor_ yield a value of
0.8 for the blowing parameter,_ g, associatedwith these gases. This
value allowsthe separation to be accomplishedaccording to equation (164).

= 0.6

= O8g

= 0 4
s

It should be noted at this point that an apparent pressure dependence

of the ablation process can be falsely inferred from the transient data

obtained in the facilities other than the Model 500 arc. When the data

from the MSC Plasmadyne series or from the Avco/OVERS facility are incor-

rectly interpreted as being steady state experiments an apparent pressure

dependence appears in the "diffusion parameter" as defined by equation
(165).

Apparent Diffusion Parameter = '

f_ l
J:_

(163)

(164)

(165)
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This apparentpressure dependenceis a direct result of interpreting the
test data as being steady state. Theapparentpressure dependenceis such that
it wouldappearthat the product of the diffusion parameterand the cube root
of the pressure is a constant. Theinteraction betweenthe pressure and the
measureof transient behavior, F, defined by equation (105) or (107) is quite
apparent. Tests run at low pressurescorrespondto low heating rates, low
values of the meanabl_tion rate and consequentlyto high values of the
parameterF. Thereis a strong correlation betweenthe pressure at which a
test wasrun andthe measureof transient behavior. This is to beexpected
becauseof the fact that heat flux andpressure cannot bevaried independently
over wide ranges. Theapparentpressuredependenceof the ablation behavior
is thus a property of the operating mapof the particular facility rather
than of the ablative material as such.

Theturbulent pipe data shownin Figure (13) are of interest since
they appearto be the only reasonablyreliable data on the material at
elevated pressureand shear levels. Thedata are tabulated in Table (2).
As can be seenfrom the Figure there is no evidencethat the performance
of the material is adversely affected by pressure and shear levels up to
those listed in Table (2).

3.1.5 Alternate Presentation of Test Data

It is of some interest to display the Model 500 ablation data in several forms

in addition to those thus far employed in this report. Figure 14 shows the surface

recession rate as a function of the heat transfer coefficient. This figure is similar

to Figure 13 with the additional indication of the range of heat transfer coefficients

over which data have been obtained. Also indicated on Figure 14 are the theoretical

functions for several of the chemical reactions discussed in the preceeding section.

One of the common attempts at ablation data correlation involves the use of a

unique relationship between surface recession rate and surface temperature. Such a

relationship exists only for materials where the controlling ablation mechanism is a

vaporization process. Figure 15 shows the surface recession rate as a function of

surface temperature for the Model 500 ablation data. As can be seen from the figure

no unique relationship is apparent in the test data.

Figures (16), (17) and (18) present the data in the form of the surface recession

rate as a function of the "cold wall" heat flux. Again it is not expected that any unique

relationship between these parameters should exist for the body of data taken as a

whole. It is desirable, however, to indicate some comparison between the test data and

some theoretical model. The theoretical relationships for the several chemical

reactions considered in the preceeding section can be written in the form of equation

(166) where the quantity C is a constant which depends on the chemical reaction being
considered.

(166)
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i

Over a limited range of stagnation enthalples equation (i_6) can be written

in an approximate fashion as equation (167) where the quantity H is the mean

enthalpy in the range of data selected, s

(167)

The Model 500 data have been divided into three groups as indicated on the figures

and the theoretical lines for reactions (A) 9 (B) and (DA) obtained from equation

(167) by means of equations (149a), (150a) and (153a).

i

l-

II
ii

L
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3.2 Pressure and Mass Flow Data

3.2.1 Analysis Method

The porous nature of ablative materials, particularly in the charred state,

together with the internal production of gaseous pyrolysis products leads to a

non-uniform pressure distribution through the material. The equation chosen for

describing this process in the design computer program can be written in the form

of equation (168).

where:

Z

P pressure

gas flow rate per unit area
g

gas viscosity
R specific gas constant

viscous resistance coefficient

inertial resistance coefficient

(168)

Values of the resistance coefficients, _ and_ , are obtained by measuring

w, the mass flow of gas per unit area per unit time; Pu' th¢_ pressure immediately

upstream of the sample; and Pd' the pressure downstream of the sample. If the
sample thickness L, is small enough such that the mass flow rate and temperature are

essentially constant across the sample, then equation (168) may be integrated to

yield the following expression.

•J_,TL uJ z

(169)

Equation (169) suggests that for a series of experiments varying the gas, sample

thickness, temperature, and pressure level, all the data for a specific porous

medium could be correlated in terms of a friction factor per unit length, C, and

a Reynolds number per unit length, R , where
e

RTa_

and

-78-
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Equation (169) may be re-written as

(170)

Equation (170) is linear in the reciprocal Reynolds number per unit length so that

the resistance coefficients may be easily obtained by a least square analysis of the

experimental data. Letting the subscript i denote the value of any quantity

corresponding to the i th datum point and N be the total number of experiments

considered, then _ and _ are given by equations (171) and (172).

• _, ..

! I 2.

(171)

where CPu') £ - (_);.

-- _.= i P_ _j

Equations (171) and (172) are readily obtained by applying the method of least squares

to equation (170). (Reference 14). However, if the data are primarily in the viscous

range, then a small amount of scatter may force a negative value of the inertial

coefficient, _ . In such a case it is assumed that the inertial effects are actually

small and that _ = O. The best straight line through the data in the viscous region

is then given by
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3.2.2 Apollo Material Data

Experiments measuring mass flow of gas and pressure have been performed at Avco

for the virgin and charred states of the Apollo heat shield material. Tests were run

for flow parallel and perpendicular to the honeycomb cell wa]is, using air as the. gas.

Gas flow perpendicular to the cell walls was reported to be much less than parallel

flow, however, no interpretation of these experiments is offered here. The following

discussion then concerns only parallel flow.

Tests were performed on 0.50 inch thick samples, the virgin sample having a 2.0

inch diameter and charred sample having 1.78 inch diameter. The charred sample was

prepared from material pre-charred at 1840°R and is assumed to be fully decomposed.

The measured flow rate, upstream pressure, downstream pressure, temperature, sample

thickness, and computed value of friction factor per foot, C, and Reynolds number per

foot, R , are given in Table (3) for the virgin material and Table (4) for the charred

material. The data reported in Tables (3) and (4) range in mass flow from .O012

Ibm/ft2-sec to 0.80 ibm/ft2-sec and pressure drops across the sample from 0.02 Ibf/in

to about 15.O ibf/in 2 with the downstream pressure varying only slightly from one
atmosphere. Some tests were performed outside this range, both higher and lower mass flows,

but these test results are not included here because of the large scatter in the data

at the low end and evidence of mechanical sample failure at the higher mass flows.

Figure (19) is a plot of the data given in Table (3) and Table (4) in the form

of w vs. P 2 . pd 2. Also indicated in Figure (19) is the curve generated using

equation (_69) and values of o_ and_ derived from equations (171), (172), and (173).

For the fully charred Apollo material, the resistance coefficients derived from

equations (171) and (172) are:

_= = 5.781 X 109 ft -2

_c • 1.924 X 105 ft'l

For the virgin Apollo material, equations (171) and (172) give a negative value of

the inertial coefficient, i.e.

_v = 6.626 XIO I0 ft "2

_ = -7.473 X 103 ft "I

A measure of the importance of the inertial effects may be obtained by rewriting

equation (170) as

(175)

i
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The second term in the brackets of equation (175) is the ratio of the viscous force

to inertial force. If the data of Tables (3) and (4) are applied to equation (175)

the following inferences may be drawn. For the charred state of the material the test

data extend into the region where the inertial effect is of the same order of importance

as the viscous forces, i.e.

2.0

However, the test data for the virgin state of the material is entirely in the viscous

region, i°e.

It appears that the negative value of the inertial coefficient,_/is the result of
trying to fit a parabola to data which will only justify a stralght line. The small amount

of scatter in the data which is all in the viscous region is sufficient to produce the

physically meaningless negative_v, at least when considered within the conte_t of the

assumed model given by equation (168). The least square straight line through the data

for the virgin state results from making _V _ O and calculating O(¢ from equation
(173). This calculation gives;

O( v -- 7.153 XIO IO ft "2

_v = O.0

(176a)

(176b)

Since no measurements have been made for intermediate states of the Apollo material,

the assumption is made that the inertial and viscous resistance coeffic_nts are linear

functions of the density 6f the material, i.e.

J

(177a)

6o- e_
(177b)

Some further comments are necessary concerning the derivation of resistance

coefficients from test data on mass flow through the Apollo material. In order to show

conclusively that the coefficients _ and _ appearing in equation (169) are material

characteristics and are independent of the flowing gas it would be necessary to include

in the test program a series of experiments with gases having significantly different

molecular weights, e.g. helium and nitrogen. Equation (169) also dictates that both
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pressure level and not merely pressure drop must be varied to demonstrate the

validity of the model. Since the test data for the Apollo material were obtained

by using one gas, air, and varying only the pressure drop, the application to

another gas and other pressures is at present an extrapolation of the data.

3.2.3 Verification of The Model

There is some support given to equation (169) from other test data obtained at

Avco for charred RAD-60 PMTS (a silica phenolic heat shield material) using nitrogen

and helium as gases. These data were also taken for various sample thicknesses which

is theoretically equivalent to changing pressure levels since either parameter varies

the gradient of pressure squared appearing in equation (168). The data from these

experiments are shown in Figures (20) and (21) plotted as pressure drop variation with

mass flow for a constant thickness. Figure (20) shows the nitrogen results and

Figure (21) those for helium.

By applying a least square analysis to these data for charred RAD-60 PMTS all of

the test points are made to fall near one curve representing equation (169) as

demonstrated in Figure (22).

Additional support for the proposed correlation may be found in the literature.

Green and Duwez, Reference (15), applied equation (171) to gas flow through porous

metal with excellent correlation. Green, Reference (16) reports good agreement of

equation (169) for flow through packed beds of sphere and wire screen matrices.

Finally, Muskat, Reference (17) discusses various models and presents data for the flow

of water through shot of uniform size and air flow through packed glass beads. In

both cases Muskat employs a simple quadratic equation in mass flow to correlate the

differential of squares of pressure.

Pressure distribution for Apollo application are calculated using equation (168)

and the values of the resistance coefficients given by equation (174), (176), and (177).

3.3 Radiative Test Data

Many situations of interest in thermal protection system design involve

significant radiative heating. One of the more important properties of the material in

such circumstances is the absorptivity. Among the unfortunate facts of life for the

analyst, there does not appear to be any currently available method for the direct

measurement of this quantity under the conditions appropriate to the problem.

Reflectivity measurements made at room temperature on surfaces previously exposed to

a high temperature environment are at best of questionable value since the temperatures

of interest may be higher by several thousand degrees and a different physical state

may actually be involved for the surface material. As a result of this state of

affairs, it is necessary to examine possible indirect techniques for deducing a value

for the absorptivity. One such technique based on data obtained in experiments

involving pure radiative transfer is described in the following paragraphs.

Consider an experiment in which a sample of material is exposed to a radiative

energy source in a gaseous environment which plays no role in the ablation process. In

the case where the experimental conditions approach steady state an energy balance on

=85-
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the system can be written in the form of equation (178).

4 •

(178)

In equation (178) _ is the absorptivity, F is the incident radiant flux, _ is

the surface emissivity, T is the surface temperature, _ is the steady state mass

transfer rate, and H a is _ heat of ablation. Equation (178) can be re-arranged to

yield equation (179).

where: Y = T 4/_
s

(179)

X = Fs/N

,4

Given a set of experiments in which Fs, Ts and • are measured, equation (179) provides
the basis for a relationship between the absorptivity, _, , and the emissivity, _ .

In principle equation (179) also offers the possibility of obtaining the heat of ablation

H from the same set of test data. In practice this is impractical due to the large

dlfferences in the magnitudes of H a and the quantities X and Y. This will be apparent
by an examination of a set of test data.

Figure (23) shows a set of test results obtained by the Southwest Research

Institute on Avcoat 5u26-39 using an arc imaging furnace in an argon atmosphere. The

data are plotted in the form of Y as a function of X as defined in equation (179).

As can be seen from the figure, an apparently linear relationship exists as indicated

by equation (179). Also apparent are the difficulties inherent in an attempt to obtain

the intercept with any accuracy. Since the apparent intercept is near zero and the data

analysis can be simplified if it is assumed to be zero this assumption is made in the

present case.

The non-steady effects discussed in Section 3.1.1 have an effect on the

interpretation of the data in the present case since equation (178) is strictly valid

only for a steady state experiment. In the present case, however, this effect is

smaller than in the interpretation in terms of ablative performance. This is due to

the fact that H a is small compared to the X and Y of equation (179) and since the non-
steady effects appear primarily in _, both X and Y are affected in the same fashion.

Unlike the usual treatment of linear relationships where one or the other variable is

assumed to be free from error the present technique assumes equal probable errors in

both Y and X. Under this assumption the application of the principle of least squares

leads to equation (180) as the appropriate relationship between ¢_ and _ .

o(' i = 0
(180)
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Application of equation (180) to the SWRI test data yields the relation between o_and

E plotted in Figure (24). Also indicated on Figure (24) is the relation frequently

employed for opaque materials, namely, that the absorptivity equals the emissivity.

Use of the value 0.667 obtained for the emissivity during the analysis of the

ablation data in Section 3.1.4 yields a value of 0.5 for the absorptivity.

3.4 Treatment of Pyrolysis Kinetics Data

One of the problems associated with a proper analysis of the performance of char

forming materials for thermal protection systems is that of obtaining an accurate

mathematical description of the kinetics of the char forming pyrolysis reaction. The

treatment of this reaction as a part of the overall analysis of charring ablator performance

is limited by the techniques available for experimentally determining the proper kinetics

of these reactions. Even within the framework of currently available tecnniques for

experimental measurement very limited attention has been given to the problem of

obtaining realistic kinetic parameters from the experimental data. In general the groups

which carry out the experimental investigations either attempt on interpretation of

their data or when such an interpretation is made it is entirely inadequate for the

purposes of the engineer who must utilize the information in the design of thermal
protection systems.

The most common type of experiment employed for the purpose of defining the

pyrolysis kinetics of charring ablators is the linear thermogravimetric analysis (LTG)

experiment in which simultaneous measurements are obtained for sample weight and

temperature under conditions such that the sample temperature is a linear function of

time. The analysis usually employed is limited to those materials in which the

limiting fully charred sample weight is independent of temperature or to situations in

which the application of the material to a vehicle allows this assumption to he made

without significant error. This latter class of applications includes most ballistic

missile systems which are quite insensitive to the details of the pyrolysis kinetics.

The assumption of a temperature independent limiting sample weight is totally inadequate

for the analysis of manned reentry vehicle thermal protection systems. The sensitivity

of these latter systems to the pyrolysis kinetics is a result of the relatively mild

environmental conditions and ling soak times associated with this type of entry.

3.4.1 Analysis Method

The analysis of Section 2.0 and the computer program described in Volume II employs

equation (181) as the differential equation describing the pyrolysis kinetics.

£_1 T

(181)

In equation (181) the quantity _ is the instantaneous weight of material in the control

volume andS= is the limiting weight associated with the i'th reaction step. The

program allows all quantities A, N, _¢and B to be arbitrary functions of temperature,

time, space, etc. Equation (181) thus provides the basis for a very versatile description
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,4

of the pyrolysis kinetics. On the basis of the observed LTG curves for materials of

interest it would appear to be of dubious value to attempt a data analysis which employs

more than one term in equation (181). _e sole exception to this is that group of

materials which appears to undergo an initial dehydration or curing process at temp-

eratures somewhat below those required for the primary pyrolysis. Application of a single

term of equation (181) to the experimental situation presented by the LTG tests yields

equation (182) where the quantity is the instantaneous fractional sample weight and

(T) is its limiting value which is considered an arbitrary function of temperature.

The quantity_ is the reciprocal of the time rate of change of temperature. Although

in an LTG experiment_is a constant the present data analysis does not require this

restriction and it will therefore not be imposed and_ will be taken as an arbitrary

function of temperature.

(182}

Equation (182)may be integrated to yield an expression for a calculated fractional

weight at the i' th experimental point in terms of the experimental LTG and limiting

weight curves together with the constants A, N and B. Designating this calculated
^

weight fraction as _ (i) we obtain equation (183) where _ has been introduced as
a variable of integration.

T_

It should be noted that the function _(_ ) is a limiting case of _ ( _ ) as given
by equation (184).

(184)

An expression for the deviation between measured and computed values of_-can be

obtained from equation (183).

(185)

where:

(18-7)
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_e nowdefine the quantity F by equation (188) wherea weighting function u(i) has
beenintroduced.

(188)

Thecondition for a"best" fit to the experimentaldata is then takenas that given
by equation (189).

_F _ _F

The pyrolysis reaction which takes place in the material has been examined using

the data which appear in the data library together with the analysis just described.

Figure (25) is typical of the data obtained from the linear thermogravimetric

experiments in an inert atmosphere. As can be seen from the figure, there is typically

about a 5% loss in weight of the sample at low temperatures due to removal of water

from the system. In the overall ablation problem this effect is not large but should

be accounted for. Inclusion of this effect leads to a two term rate expression to

describe the overall kinetics of the combined water loss and pyrolysis kinetics. The

equation obtained for this system is thus given by equation (190).

= .... T j

- _Kpf- Bm•[ .T-I

(190)

The constants in the first term representing the water loss are estimated and those

for the pyrolysis reaction obtained from the LTG data taken in an inert atmosphere.

The values obtained by this process are shown in Table (5).
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Table (5)

Water Loss and Pyrolysis Rate Constants

Equation (190)

Detailed Analysis

A 1 107 sec" 1

N 1 i.O

B 1 120OO°R

0.95
A 2 3.26 x 105 sec'l

N 2 2.0

B 2 21480°R

T OR

0

IOOO

Ii00

1150

1200

1250

1300

1350

1400

1450

15OO

16OO

c ec_ / eo )

0.95

0.95

0.945

O. 890

O. 860

0.740

0.655

0.600

0.565

0.545

0.525

0.50

O.5O

Approximate Analysis

9.83 x 105 sec -I

2.1

22660°R
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3.4.2 Approximate Method

The values listed as approximate in Table 5 have been obtained by the following
technique. An approximate method for obtaining pyrolysis rate constants from the

thermogravimetric data without resort to a computer can be obtained on the basis of

equation (182). Equation (182) can be written as equation (191)

The derivative appearing on the left hand side of (191) is then evaluated either

numerically or graphically from the LTG data. Using these numerically obtained

derivatives the quantities A, N and B can be obtained in a straight-forward manner by the

method of least squares applied to equation (191) in the form of equation (192)

The LTG data in Figure 25 have been employed to obtain graphically the derivatives

(dw/dt). The limiting densities of Table 5 are also employed. Equation (192) can be

written in a linear form by means of the following transformation.

(193a)

.X_ = _ (_A-"- f_d, ) (193b)

_" :- C'-"_ ) (193c)

K, : ._ A (193d)

/_2 -- C I_- [ ) (193e)

_f_' : /_" I/" /_'2. _y_ "I- _ ZX (194)

The normal equations corresponding to this system are (195) through (197) where

the summations extend over the number of points taken from the LTG curve, M.

: +
,,Z" ' ,_ d (195)
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Z. -- K,f."; , Z x, BZ z;x
W,- ,¢ _ 4,

(196)

2.

: K;2z. ,- (197)

Equations (195) through (197) are then easily solved for KI, K2, and B with A and
N then obtained from (193d) and (193e).

Application of this technique to the LTG data on the Apollo material yields the

rate constants appearing in Table (5). The temperature dependance of the limiting char

density is taken to be the same as that indicated in Table (5). As can be seen by a

comparison of the values in the two tables there is little difference between the two

techniques for this case.

Figure 26 shows a comparison between the observed and calculated values of

fractional weight loss for several points on the LTG curve.

3.5 Density_ Thermal Conductivity and Specific Heat Data

The direct measurements of thermal conductivity and specific heats have been employed

to obtain values for these quantities where possible. All of the available data have

been reported in the data library. An examination of the data on the thermal conductivity

of the virgin material indicates that this quantity is a function of both the individual

sample density and the temperature. Equation (198) has been obtained from the data

as a reasonable representation of this functional relationship with_6being the virgin
material density in Ib/ft and T being the temperature in degrees Rankine.

k ° (Btu/ft-hr-°R) = -O.0187 O.O020_o + O.217 x IO'4T (198)

Also based on the data in the library a value of 33.0 Ib/ft 3 has been selected

as a standard density for the virgin material. This selection together with equation

(198) yields equation (199) for the nominal thermal conductivity of the virgin material.

k o (Btu/ft-hr-°R) = 0.0473 + 0.217 x IO'4T (199)

The thermal conductivity of the charred material is somewhat more questionable than

that of the virgin material. This is particularly true in the temperature region of

primary interest for this quantity (lOO0--_5OOO°R). Not enough data are available to

justify the use of a temperature dependent thermal conductivity in the high temperature

region, therefore the use of a constant value is indicated for design purposes. Based

on the limited data available in the library and to some extent on a comparison of

measured and predicted temperatures for instrumented ground test ablation experiments, a
value of 0.19 Btu/ft-hr-°R has been selected as nominal. Further work with the

instrumented ground tests and to some extent data from well instrumented flight tests

may be able to improve this choice somewhat.
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The specific heat of the virgin material is obtained from an examination of the

direct measurements reported in the data library. Although some anomalies appear in

the data, they appear to be due to the influence of the pyrolysis reaction which is

considered separately. Equation (200) has been selected as representative of the virgin

material specific heat.

Cpo (Btu/Ib-°R) = 0.20 + 0.22 x IO-3T (200)

An assessment of the high temperature specific heats of the gaseous pyrolysis

products and of the charred material is aided by a thermochemical equilibrium analysis

of the non-silica components of the material. A product of the calculations described

in Section 3.2 is an estimate of the high temperature specific heats of both the

gaseous pyrolysis products and of the char residue. These results are shown in Figure

(27). Also shown on this figure are several measurements of char specific heat as

reported in the data library. As can be seen from the figure, excellent agreement is

obtained between experiment and theory for this particular quantity. The theoretical

values indicated in Figure (27) are taken as the nominal values for these two specific

heats.

3.6 Estimated Properties

In order to completely describe the performance of the Apollo material using the

formulation of Section 2.0, it is necessary to assign values to several quantities which

are not uniquely determined by the existing experimental data.

At low values of surface temperature the heterogeneous reaction between the surface

material and the environmental fluid will take place at a rate which is too small to

allow a diffusion limited process to take place. This is the rate controlled ablation

regime discussed in Section 2.9.1. In order to account for this fact and in order to

provide a smooth transition into the diffusion controlled process it is necessary to

provide estimates of the rate constants associated with this regime. Since it is

unlikely that such a reaction takes place between the virgin material and the environmental

fluid the reaction rate is assumed to be a function of both the surface temperature

and the extent of the pyrolysis reaction at the heated surface. The form assumed for

the reaction rate is given by equation (201) which is an extension of equation (78)

of section 2.9.1.

(201)

Equation (201) differs from equation (78) by the factor Wc( f o " _s )/(_o " Pc )

which is simply the available free carbon at the surface.
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where:

A = 54.0 Ib/ft2-sec //'4-1 = 28.96/32.0
r

Nr = 0.5 _o = 33.0 ib/ft 3

B = 17000°R _c = 16.5 Ib/ft 3
r

"_c = O. 329

The numerical values of A , N and B have been assigned on the basis of data

obtained on the porous carbon c_ar _urfacerof a carbon fiber reinforced phenolic material

known as Avco REST 6300 HP. The use of these values in the case of the present material

is highly suspect and is necessitated by the absence of appropriate test data on the

Apollo material. Rather large changes in these constants have only minor effects on

most design calculations and this fact allows their use with some confidence in the end

product of a vehicle design which is, after all, the goal of any such model.

At the other extreme of the surface temperature range it is necessary to provide

for a transition to some type of vaporization controlled mechanism as discussed in

Section 2.9.4. In the case of the Apollo material it is assumed that at sufficiently

high surface temperatures the surface recession process is controlled by the vaporization

rate of carbon. Equations (86) and (89) of Section 2.9.4 can be written as equations (202)
and (203).

b

$

In these equations/C_is the mean molecular weight of the vapmrizing gas, p is the

density of pure carbon, R is the universal 8as constant, P is the equilibrium vapor
O " V

pressure f the vaporlzing species,_¢o is the mean boundary layer molecular weight, P
is the local static pressure and _ is the usual blowing effect on heat transfer e

coefficient.

Using the data on carbon vapor from the JANAF tables (Reference 12) for the

thermodynamic quantities appearing in these two equations leads to the following relations

for the ablation rate in the Sublimation regime.

(%°') - E r
O.Z8

- 102-
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4

It is of interest to examine the overall relationships between ablation rate and

surface temperature throughout the temperature regime from very low to very high. In

order to accomplish this an expression for the diffusion limited ablation rate is

required. This is obtained from the experimental data in Section 3.1.4. Equation (162)

can be written as equation (206).

SD (ft/sec) = 0.03136 (_ I¢ (206)
$

Equations (201) and (202) then combine to yield the ablation velocity in the

heterogeneous reaction regime in accordance with the analysis of Section 2.9.3.

At a given surface temperature the applicable ablation rate is the larger of

the two given by equation (202) and (207). A complete description of the surface

behavior requires an energy balance as given by equations (94) and (95).

Equations (94) and (95) as applied to a steady state process yield equation (208)

(2o8)

/4 -- /,de/-/, /-tSe/ j
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Using 150_R as an average reaction zone temperature, Tm and the values pre-

viously selected for the quantities appearing in equation (20_),equations (201),

(202), (203), (20_), (205) and (208) have been solved simultaneously for a number

of conditions.

Figure 28 shows the ratio of the ablation velocity to the diffusion limited

ablation velocity, (S/_D) as a function of surface temperature for several val_es

of the total pressure. The values in Figure 28 are for stagnation point ablation

and assuz_e a fixed value for the stagnation point heat transfer parameter given

by equation (209).

": O, lO
cz

(_o9)

The value chosen for this parameter is typical of ground _est facilities.

It is noted that the curves for all pressures coincide in the regime of

heterogeneous chemical ablation. The reason for this is easily seen when it is

noted that at a given temperature SR is proportional to the square root of

pressure as shown in equation (201) and that SD is also proportional to the square

root of pressure through the heat transfer coefficient according to the ground

rule of Figure 28 and expressed by equation (209). Since the curve in Figure 28 is

governed by the ratio (_R/SD) the pressure effect disappears in this regime where

the surface chemistry is controlling. A different choice of surface reaction

kinetics or a different assumption regarding thestagnation point heat transfer

parameter would separate the curves.

In order to illustrate this effect Figure 29 shows the ablation velocity as a

function of surface temperature for a fixed value of heat transfer coefficient,

(qc/Hs) with pressure as a parameter. It should be noted that this is generally

spea_ing not a physically real situation since qc, Hs and P are not independent

physical quantities.

b
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4.0 Apollo Material Physicomathematical Model

The model which has been selected to describe the coupled energy and mass

transfer processes in the Apollo ablative thermal protection system is summarized in this

section which combines the analytical discussion of Section 2.0 and the test data consider-

ations of Section 3.0. The use of this model by means of the computer program described

in Volume II of this report represents the present best estimate of the performance of

this material in the Apollo application.

4.1 Enersy Equation

a T _) =%rs,c,,(_) : _ (,<_) ,-qc-,-)uj ar +/;_H_
(210)

Ie('=,_) r ("<,o)+ s,(_ ._9dz,= , (211)

o

(212)

-r_,t) (215)

P.
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4.2 Gas Pressure Distribution

C-_,Z) --(1.7765x 10-6)

I z I _ , , , i

S

'r(x,e) +196.
(217)

Z = 4.478 x 106 (218)
i

g = 3.1489 (219)
2

_(.,,)..o(-_('g :7 - [ _- fc.,,)_ (220)

(221)

b

The numerical constants in equations (217), (218) and (219) have been evaluated

on the assumption that (i) the local static pressure, P e, is given in atmospheres and

(2) that the pyrolysis products have properties similar to normal air. The units of

the output pressure, P, given by equation (216) are then ib/ft 2.

4.3 Boundary Conditions at _(.= 5

c_) _--; -

• <__.aT (s,_:)s _,,.

(222)

-108-



I¸ _

(223)

H* =

f ----

('_--_" + O 22 r H
(½ - 0.22r ) H s i,- _t" " s

(224)

(225)

The quantities E and E in equation (223) are flow dependent as discussed in
I

Sections 2.4,1, 2.4.2, and 2._.3.

d

Stagnation Point Flow: E = -0.037

i=o.o
E 2

Laminar Boundary Layer: E 1 = O.O

E 2 = -O. 185

Turbulent Boundary Layer:

(226a)

(226b)

E 1 = O.O

E 2 = -0.502 (226c)

H = W e H c 1 -
(227)

(228)
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Suci4 THAT {_-_,1 z o
(231)

- [- (232)

M_ ]
• M_ LTL%_)-IL_

(233)

(234)

4.4 Boundary Condition at_<=2l

The boundary condition at the rear face of the ablative layer will normally

be a statement of the equality of the conduction flux across the interface. Any

appropriate boundary condition can be applied (See Volume II, Section 6.6).

4.5 Initial Conditions

The initial conditions consist of a specification of the temperature and density
distributions at time zero.

i

m 0)= (236)

4.6 Property Values

The various material dependent parameters appearing in equations (210) through

(236) have been assigned values on the basis of the considerations in Section 3.0. The

values assigned to the temperature independent quantities are collected in Table 6.

Also indicated in Table 6 are the first equation in which the quantity appears and the

computer program input symbol whenever this is appropriate. The temperature dependent

properties are collected in Table 7. Linear interpolation is to be employed between
entries in Table 7.
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4.7 Environment Dependent Parameters

In addition to the material dependent characteristics listed in Tables 6 and 7

the physicomathematical model of this section requires certain characteristics of the

flight environment to be given as functions of time. These are the cold wall flux,qr,

the stagnation enthalpy, H , the local static pressure, Pe' the ratio of recovery to
-

stagnation enthalpy, (Hr/Hs), the recovery factor, r, and the radiant energy flux incident

on the surface. Velocity may be specified instead of H s.

Additional quantities which are generally constant for flight in the earths

atmosphere are the weight fraction of oxygen in the free stream, W e , the free stream

molecular weight Uo and the molecular weight of oxygen. In the present model these

quantities are taken to have the values 0.2314, 28.96 and 32.0 respectively.
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TABLE 7

TEMPERATURE DEPENDENT MATERIAL CHARACTERISTICS

T

(OR)

O

650

700

i000

1I00

1150

1200

1250

1300

1350

1400

1450

1500

1600

2000

3000

4000

6000

8000

iO000

33 .O

33 0

3 .35

31.35

31.35

31.35

31 19

29 37

28 38

24 42

21 62

19 80

18 65

17 98

17 32

16 50

16.50

C C

(BT_/ib°R) (BTU_° ib°R

O. 55 O. 25

0.66 0.32

0.74 0.38

0.79 O.41

O. 83 O. 43

O. 45

0.96
O. 96 O. 45

C

(BT_ ib°R

O. 20

2.40

k o

(BTUlft-hr°R)

0.0473

0.2643
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5.0 Comparison with Ground Test Data

The model described in the preceding section has been employed in a numerical

simulation of several tests run on the Apollo material in the Plasmadyne and

Southwest Research Institute facilities. This type of simulation serves to illustrate

the adequacies or inadequacies of the model and to highlight several features of

this type of test. The test points chosen for examination are shown in Table 8.

The data obtained in the tests consist primarily of thermocouple histories, surface

temperatures and total length loss. The detailed data are a part of the library

described in Volume III of this report. The physicomathematical model of the

preceding section together with the computer program described in Volume II of

this report have been employed to make detailed predictions for the environmental

conditions listed in Table 8.

The total output of the numerical calculations represents an extremely detailed

picture of each of the tests and only selected results can be presented. One of

the outputs is a prediction of the location of the 600@F and lO00°F isotherms as

functions of time. These positions are also obtainable from the test data thermo-

couple histories. Figures 30 through 55 show the results obtained from the

theoretical predictions comparedwith the experimental data reported by the

Plasmadyne Facility. As is usual in comparisons of this type the agreement between

theory and predictions is in some cases less than is desirable. On the other

hand considering the scatter in the experimental Gata as indicated in Figures lO

and l_ it is not expected that a comparison which combines the scatter associated

with the surface recession together with the internal heat transfer should yield

strong agreement between selected experimental and theoretical results. Figures 56

through 62 present similar information in a different form by comparing measured

and predicted thermocouple histories for selected models.

The results of the total length loss predictions for this sequence of test

results are presented in Table 9. Agmln the comparison between predicted and

measured total length loss is only fair. One feature of the material behavior which

is not accounted for in the predictions and which may account for some of the

discrepancies is the swelling and shrinking which occurs in the tests and introduces

an unknown quantity into the measurements. Another problem is the exact way in

which the posttest total length is measured. Inmost cases the post test profile

is not uniform and the average length loss over the entire heated surface is

difficult to define. This can introduce significant errors particularly in the

cases where small values of length loss are observed. Table 9 also contains the

predicted and "observed" surface temperatures. As can be seen from the data in the

table the "observed" temperatures are consistently higher than the predicted

values. No reasonable physical explanation has been found for this discrepancy.

It can be noted, however, that the observed temperatures for test points 2 and 8

are very nearly the same even though the heat flux differs by a factor of two.

In the tests run in "inert" atmospheres of argon and nitrogen (test points

2A, 16A, 5N and 2ON) it should be noted that the only mechanism allowed for surface

recession is the vaporization mechanism described in Section 3.5. While this is

probably very nearly correct for the case of the argon environment it is less

valid for the case of the nitrogen tests as has been discussed in Section 3.1.
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Test Point Atmosphere

Table 8

TESTCO_DnIONS

qc(BTU/ft2-sec) Hs(BTU/Ib)

1 air 26.7 3490

2 air ll3.0 lOO16

3 air 223.3 17020

4 air 55.6 3496

5 air 56.0 10026

7 air ll6.0 17015

8 air 224.2 lOO13

2A argon 85.3 8200

16A argon 137.3 3320

5N nitrogen 88.2 11050

20N nitrogen 331.8 9100

SWRI 55 air

SWRI 120 air - -

P(atm)

O.0082

O.0120

O.0180

o.0333

o.00335

o.OO4l

o.o44o

o.008

o.o99

O.008

O.097

0.5

3.0

FS(_U/ft2-_ec)

78.0

507.0

4
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Table 9

COMPARISON OF PREDICTED AND MEASURED TOTAL ABLATION AND SURFACE TEMPERATURE

,e

Model as(obs) 4s(calc) T(obs)  (calc)

(inches) (inches) (°R) (°R)

_120 0.040 O.Oll 2920 2425

PD121 0.070 O.064 2960 2586

PDI22 0.050 O.132 2960 2631

PD157 0.160 0.526 2910 2709

PDI40 0.170 0.075 -- 3567

PDI41 0.300 0.174 4360 3414

PDI42 0.480 0.279 4410 3508

PDI58 0.240 O.110 4760 4288

PDI59 o.7oo o.381 4830 4324

PDI25 0.120 0.103 3635 3002

FDI26 0.410 O.378 3600 3063

FD127 0.580 0.661 3610 3220

PDI30 0.040 0.015 3110 2794
PD132 O.lO0 0.085 3]-80 3040

PD131 0.150 0.167 3200 3123

FD136 0.160 0.638 3760 3265
PDI47 0.120 0.030 4010 3411

i_)i_6 0.260 0.080 4010 3456

PDI45 0.670 0.314 4100 3800

I=DISI 0.240 0.196 4440 4200

PDI52 0.600 0.414 4390 4200

PDI53 0.780 0.634 4410 4260

PD277 0.072 0.0005 4110 2966

PD251 0.055 0.007 3430 3387

PD267 0.247 0.0004 3885 3125

PD234 0.305 0.550 4760 4350

SWRI55 0.120 O.lO0 3360 3300

SWRII20 0.330 0.275 5390 5210

%
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In presenting the predicted char depth histories it is necessary to define a

"char depth" in terms of some fraction of the total allowable pyrolysis reaction.

In the present case the char is arbitrarily defined to extend to the location at

which the pyrolysis reaction is 20% complete. That is the char is taken to be that

portion of the material for which the following inequality holds.

(237)

In evaluating this region p o is taken as 33.0 ib/ft 3 and p c is taken as
16.5 ib/ftJ. The location of this char interface" is then obtained from the cal-

culations by following the 29.5 lb/ft3 isochore through the material as a function

of time. Figure 63 shows the location of this point as a function of time for the

conditions of Test Point 1. Since the IO0_F isotherm is sometimes taken as a

measure of the char demarcation it is of interest to compare these two definitions.

Figure 64 presents the temperature at the 29.5 ib/ft 3 isochore as a function of time

for the conditions of Test Point 1. Also indicated on Figure 64 is the temperature

history of the pyrolysis zone midpoint corresponding to the 24.75 lb/ft3 isochore.

As can be seen from the figure the lO0_F isotherm and 29.5 lb/ft3 isochore agree
quite well for this case.

The computational model employed for the calculations does not account separately

for such quantities as combustion heating and mass transfer blocking since these

effects are incorporated into a general boundary condition as given in Section 4.0.

Physically these quantities are not separable but form a part of the overall

coupled set of effects at the heated surface. In an effort to illustrate the

magnitude of the several terms in a somewhat arbitrary fashion both the calculations

and the test data have been examined in terms equation (238) which is a form of
equation (208).

where

(239)

,,=,. "-- E O'Ts 4
(2_o)
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(241)

(242)

(243) l

(244)

The quantity qOB in equation (239) is the heat transfer rate to a wall at Tw
corrected for the effects of mass transfer. The qr of equation (240) is the rate

of surface reradiation. The qf of equation (241) is the rate of energy absorption

due to surface material removal. The qk of equation (242) is the rate at which

energy enters the material by conduction. The quantity qco can in some sense be

considered an energy input to the surface due to exothermic chemical reactions.

This qco is actually a rather complex quantity within the framework of the model
of Section 4.0 where it is given by equation (245)

_CO "-
- @ (245)

The various terms appearing in equation (184) have been evaluated for several

selected models both from the experimental data and from the transient numerical

predictions. The steady state analysis of Section 3.6 has also been employed to
evaluate the several terms. The results of_hese calculations appear in Table lO.

It should be noted that the largest contributor to the values of qc0 is the
radiation loss from the ablating surface. Since in the Plasmadyne _ests this

quantity is not measured directly as in the Model 500 tests any small error in the

surface temperature results in large errors in the quantity qCO" For example a
-154-



Table i0

ENEBGY TRANSFER TERMS FOR SELECTED MODELS

_k

i,

#k,

Model
_oB _r % qk %0

(BTU/ft2-sec) (BTU/ft2-sec) (BTU/ft2-sec) (BTU/ft2-sec) (BTU/ft2-sec)

PDI57(1) 19.97 21.6 0.17 1.05 2.85

PD157(2) 18.40 17.10 0.56 4.13 3.39

PD157(3) 16.24 17.0 1.0 3.5 5.26

PDI42(1) 52.13 113.7 2.56 23.28 87.41

PD142(2) 72.07 55.4 1.23 12.91 -2.53

PD142(3) 60.99 59.1 2.0 13.6 13.71

PDI59(1) 91.43 174.4 3.72 37.71 124.41

PD159(2) 140.52 109.9 2.03 21.61 -6.98

PD159(3) 118.85 113.6 2.0 19.6 16.35

PDI27(1) 31.42 54.4 1.86 14.08 38.91

PD127(2) 31.36 29.16 2.11 13.24 13.15

PD127(3) 28.10 29.3 2.0 13.2 16.40

PDI31(1) 41.98 32.8 0.48 3.22 -5.48

PDI31(2) 41.26 29.83 0.53 7.15 -3.75

PDI31(3) 33.43 33.6 1.0 4.9 6.07

PDI45(1) 48.29 90.6 6.36 15.36 64.04

PD145(2) 78.94 60.34 0.84 9.83 -7.93

PD145(3) 64.91 63.5 1.0 8.4 7.99

PDI53(1) 115.31 121.2 4.16 38.42 48.46

PD153(2) ....

PD153(3) 113.84 105.6 4.0 32.7 28.46

Figures in parenthesis following the model number indicate the source of the data.

(I) Experimental

(2) Theoretical, Transient

(3) Theoretical, Steady-State
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lO_ error in surface temperature introduces an error of 46% in qr and an even

larger error in qc0 since the quantity qOB is also affected by this surface

temperature error.

The comparison between theory and test as presented in this section is

generally speaking not outstanding if all the experimental parameters are taken

at their face value. A number of uncertainties in the test data tend to mitigate

this lack of agreement somewhat however. In addition to those mentioned earlier

one major potential contributor is the calorimeter size correction which has been

applied to the measurements. Calorimeter measurements were made with a 5/8-inch

diameter spherical calorimeter and the flux corrected to the model geometry by

means of the factor 0.42 supplied by NASA/MSC. This factor was applied

independently of test conditions. The theoretical value for this correction

factor is appreciably larger than that employed and if correct would tend to

improve the agreement between experiment and theory.

As mentioned earlier the observed surface temperatures appear higher than

can be explained on any reasonable basis and therefore probably should not be given

a great deal of weight.

In summary it is believed that although there is a lack of detailed agreement

between the theoretical predictions and the Plasmadyne test results the model of

Section 4.0 represents a good compromise with all of the available data.

Considering the uncertainties in the data the model of Section 4.0 is felt to be

the best available representation of the performance of the Apollo heat shield

material for use in flight simulations.

m
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6.0 Flight Simu_tions

The ultimate goal of any mathematical model of a thermal protection system is to

provide an adequate numerical description of the performance of the system throughout the
flight for which it is intended. The mathematical model described in Section 4.0 has been

employed to examine several stations on the Apollo vehicle. The numerical simulation

of the flight performance has been accomplished by means of the computer program described

in Volume II of this report. The configuration and trajectory data employed in the

calculations were supplied by NASA/MSC.

The trajectories supplied are designated as an undershoot (HR-I) and an overshoot

(HL-I). Cold wall convective heat transfer rates and radiative heat transfer rates have

been supplied for S/R = 0.9875. Figures 65, 66, 67 and 68 show the basic values

of the cold wall convective heating, stagnation enthalpy, radiative heat transfer rate

and stagnation pressure for the two trajectories considered. The composite structure

considered in these calculations is shown schematically in Figure 69.

The model given in Section 4.0 is employed for the ablative material. The properties

of the substructure materials are given as temperature independent and are listed in
Table ii.

The inputs to the several body stations are obtained by using multipliers applied

to the input parameters of Figures 65, 67 and 68. These multipliers were supplied by
NASA/MSC and are shown in Table 12.

4 ¸

Table ii

Substructure Thermal Properties

Material Number* k C

(BTU/ft-hr°R (BT_/Ib°R (ib/ft 3)

2 9.71

3 0.15

4 9.71

5 0.0275

6 89.6

7 1.4

8 89.6

0 ii

0 ii

O Ii

O 20

O 22

0 22

0 22

479.

5.5

479.

6.0

174.5

4.4

174.5

* Material numbers refer to the sequence in Figure 69.
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FIGURE 69

APOLLO COMPOSITE THERMAL PROTECTION SYSTEM AND STRUCTURE
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Body LI L2 L3 L4 L 5 L 6 L 7 L8
Station inch inch inch inch inch inch inch inch

S/R=O.O 1.79 0.008 2.00 0.008 0.80 O.O16 1.50 O.O16

+i.O 1.72 0.008 2.00 0.008 0.80 O.O16 1.50 O.O16

+1.6 0.79 0.008 0.5 0.008 1.50 O.O10 0.50 O.O10
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Table 12

Input ParameterMultipliers

BodyStation ConvectiveHeating Radiative Heating Pressure
S/R

0.0 0.54 i. 28 0.84
i.0 i.O 0.9 0.70
1.6 0.06 0.0 0.032

L

Theprograminput requirementsare described in VolumeII of this report and
will not be consideredin suchdetail in this section. Theinput deck for running
body location S/R=I.Oon trajectory BR-I is reproducedas Table 13 together with
brief descriptions of the tabular quantities. Thenon-tabular quantities are largely
self explanitory or are consideredin detail in VolumeII.

Table 14 is a typical printout for this case. Thevarious quantities appearingin
the output are defined in Table 15andin moredetail in VolumeII of this report.

6.1 Flight Simulation Results

As indicated in Section 5._ the complete output of a simulation using the present

model yields an extremely detailed numerical description of the thermal protection system

throughout its history. Since a large number of quantities could be displayed as a

product of these calculations only a few representative will be presented. Figures 70

and 71 show the calculated surface temperatures for the two trajectories and several

body stations considered. Figures 72 through 75 show the time histories of the surface
position as well as the locations of the 20.0 Ib/ft 3 and 29.5 ib/ft 3 isochores. These

two isochores correspond very nearly to 80% and 20% completion of the pyrolysis reaction

and thus provide a measure of both the char thickness and of the thickness of the

pyrolysis zone. No appreciable charring or surface recession is predicted to occur
at S/R= 1.6.

Figures _ and 77 show the envelope of maximum temperatures for the several cases

considered. As is evident from the figures, there is very little temperature rise

predicted at the bond line for any of the cases considered. Maximum bond line

temperatures and total surface recession for the several cases are summarized in
Table 16.

A product of the calculations is an estimate of the pressure distribution through

the ablator as a function of time. In the case of the Apollo Material the porosity

is sufficiently large that only very small pressure differences are predicted to exist

across the material using the modelof Section 4.0. Figure 78 shows the calculated

total pressure difference across the heat shield material as a function of time for

one of the cases. Figure 79 shows the pressure distribution through the ablator

for several times during the flight.
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TABLE 13 (Cont'd)

i

J.

%

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(io)
(ll)
(12)
(13)
(14)
(15)
(16)
(17)

(18)
(19)
(2o)
(2z)
(22)
(23)
(24)
(2_)
(26)
(27)
(28)

Isotherm request
Pressure-time for HR-I

Eadiative flux-time for HR-I

Convective flux-time for HR-1

Velocity-time for HR-1

Function for pressure multiplier (HBG)

Function to oonvert velocity to enthalpy (PTB)

Density-char table

Pcl - temperature table (GCB)
_x_ -temperature table (GCB)

_icit function for pyrolysis kinetics (GCB)

Cg - temperature table
TEermal conductivity function (ZDB)
Specific heat function (RSB)

Multiplier in ZDB

Multiplier in EBB

Cpo - temperature table

Cpc - temperature table

ko - temperature table
Control for computational time increment
Pressure-time for HL-1

Radiative flux-time for HL-1

Convective flux-tlme for HL-1

Velocity-time for HL-1

e(( _ ) for internal pressure calculations

_(_) for internal pressure calculation
Coefficient for rate Controlled oxidation

All Hollarlth input quantities are defined in detail in Section 7 of Volume II

O
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Table 16

Maximum Bond Temperatures and Total

Surface Recession

(Initial Temperature = lO0°F)

Body Station Traiector ¥ TBL (max) _S

(S/R) UF (inches)

0.O HR-I 118.5 0.1413

HL-I 162.0 0.2620

+I.0 HR-I 135.3 0.3223

HL-I 212.1 0.6012

+1.6 HL-I 251.7 0.0

It is of interest to examine some of the components of the surface energy balance

for a typical case as functions of time. Figure 80 shows a number of these components

as functions of time for a typical re-entry case. The various energy components given

are (i) the cold wall convective flux, qc' corrected for the effects of wall tempera-
ture on heat transfer coefficient as described in Section 2.4, (2) the effective

radiative input, (I - Ro)Fs, (3) the conduction flux at the ablating surface, qk'
(4) the surface radiation loss, qr' and (5) the net convective flux to the surface

including the effects of combustion and mass transfer blocking. The remaining

term in the surface energy balance as given by equation (222) is the energy associated

with the surface motion, _s _ Hv" In the present case the value of this term never

exceeds 2.0 BTU/ft2-sec and hence contributes very little to the overall energy balance.
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APPENDIX I

Formulation of Radiant Heat Transfer Equations for Heat Shield

Materials
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I. Basic Principles

Consider an area element dA placed in a radiation field such that its normal

is oriented in a direction specified by the unit vector _. Let the radiation field

he diffuse and non-isotropic, i.e., let energy he travelling in all possible direc-

tions and let there be different amounts flowing in each direction. In addition,

let the radiant energy be distributed over a spectrum of frequencies. Let dE>_.

represent the energy in the frequency interval d_ centered at V and contained

in the solid angle increment d/l (whose axis coincides with a unit vector _),

which flows across dA in time dt (see Figure i):

4

Figure I. Illustration of Geometry of Radiation Field

The energy dE_ .. is proportional to d]) , di'_ , dt and the projection of dA

in the directio_ of L. The proportionality factor i_ fl , is defined as the

specific spectral intensity of the energy in the frequency and solid angle incre-

ments flowing across dA in this direction in time dt. Thus:

- n
A cas f

(l)
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where e is the angle between_ andS. The dimensions of i_ i-_ are seen to be
power per unit area per unit solid angle and frequency increments: (ergs/sec)/
cm 2 ster sec "l

Integration of (1) over a sphere of solid angles surrounding dA yields the

net energy dE W in the frequency interval d_ centered on V which crosses dA
in time dt.

The integral in (2) is defined as a spectral distribution function, F._

_D.

With the aid of this function, the net energy in the frequency interval d_$

crossing dA per unit time per unit area can be expressed as F%j d_ :

(2)

(3)

F._ dTJ = dE]]

dA dt

(4)

The net flux of radiant energy (i.e., the net radiant heat flow) across dA is

designated by F o and is obtained by integrating F-_ over the spectrum of
frequencies, 72 o to]) f, containing this energy.

Fo = F._ d'])

%

It is usually convenient to perform the integration in (3) in two parts,

corresponding to the two hemispheres of solid angles on either side of dA.

By constructing a hemisphere about dA and expressing an area element d

on this hemisphere in terms of the spherical coordinates r, @ and _ ,
it may be shown that:

¢{O"

(5)

(6)
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Performing the integral in (3) over a complete sphere of solid angles yields the

following expression for F_

F/'
 0=o 0=o

 z,ro d dqJ

z'n

ff.÷ _

(7)

Rewriting, using the change of variables m = cos @:

2"g a

lp:o _--o

If i is independent of-rL (isotropic), it follows that:

= 0 ,

(8)

(9)

i.e., the net transfer of energy across dA is zero. For such fields just as

much power flows across dA in one hemisphere of solid angles as flows across

it in the opposite hemisphere. The net radiant heat transfer in such a field

is thereby zero. However, if the area element is not perfectly transparent,

for example, if it is an opaque surface, a discontinuity is introduced into

the radiation field which destroys the symmetry. The surface then absorbs

energy incident on it from both hemispheres of solid angles and, if it has

non-zero mass and specific heat, is heated accordingly. Thus, an opaque

(or semi-opaque) material immersed in a radiation field will experience

heating even if the field is isotropic. If the field is not isotropic there

will be a net flow of energy across even a perfectly transparent surface, as

shown by (8). In such situations, energy transport by radiation occurs in
the material.

2. The Radiant Transfer Equation

In order to evaluate F._ and Fo, i v_.l. must be obtained as a function

-]-92-



of @ and_ from solutions to the radiant transfer equation. This equation is

obtained by considering a volume element in an absorbing, scattering and emitt-

ing medium oriented in such a direction that the radiation in a particular

solid angle element is normal to one face of the element. The excess of power

outflow over the inflow in this direction is equated to the rate of change of

energy of the element, yielding the desired relation. The power excess is

the energy excess _ E.p_, divided by the time increment of the flow, dr.

The quantity _E-u_ consists of four parts: (i) a part _E a . _ ,

due to absorption losse_,"_2) a part _E_, _. , due to emission contr[5_ons,
(3) a part SES._ __ , due to scattering _t of the direction of the incident

pencil of rays,_nd (4) a part _E%,._. , due to scattering into the incident

pencil, of energy travelling in other directions, by the material in the
volume dAds. Thus:

A

The quantity _E a_ _ is proportional to the incident energy flowing in

the _ - direction, E._ 2,_) , and to the differential path length d_ , the

proportionality facto_'_n being defined as the spectral absorption coefficient
of the material.

(i0)

(Ii)

The dimensions of_ are seen to be inverse length.

The quantity _E s _ is similarly defined, the proportionality factor

_ being defined as the spectral scattering coefficient.

5

The dimensions of_are also inverse length.

The quantity _E?-_.jD_. is proportional to the volume dAd_ of the material

element, the solid angle ana frequency increments d.O. and d'_ , and the time

increment dr. The proportionality factor _, is defined as the spectral
emission coefficient. /%-

(12)

e e

-n- .n. d,4g Xn
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I

Theincrements,dimensions of _,/lare power per volume per unit solid angle and frequency

The quantlty _E "_4X%. represents the sum of all contributions to the

energy flowzng zn the _-dzrectzon due to scatterlng into this direction by the

material in dAd _ of energy travelling in other (5 ") directions. Let EI_,/L
(_') be the energy, in the frequency interval d_ , contained in a solid

angle increment d_ whose axis lies in the _ ' -direction and forms the angle

8' with dA. The fraction of E _,_(_') scattered in all direction in traver-

sing the path length d_/cos e' through the volume dA d_ is:

The portion of this energy scattered into the solid angle increment d i3uwhose

axis is in the s-direction is (1/4"11') p ( _ ,_i) d JO- times this, where

p (_,_') is a distribution function giving the angular dependence of the flow

in the _-direction relative to the _I-direction. Thus, _ E*32 fk is the
sum of these contributions over all solid angles.

Combining (10-13), the following is obtained for 4E_, ri (_):

,t,4 d F d _ELd. -ud t:

_fl.

(14)

(15)

From the definition of the specific spectral intensity, the following relations

can be written for E._,.O ( _ ) and E._/% ( _'):

oLA d n d (a)

(16)

-]-94-



Combining (10-16), remembering that cos @ = i, and choosing the magnitudes, d X).

= d f_-S the radiant transfer equation is obtained by dividing (15) by dt, equat-

ing to dE_,_O. /dt; expressing dE-_ _ /dt in terms of intensity and cancelling

common terms. The result xs the _$11owlng.

d-O-

_ra

(17)

Equation (17) describes the change in intensity along a ray traversing an absorb-

ing, scattering and emitting medium in a particular _ -direction. Solution of

this equation subject to appropriate boundarycondiNons gives i_. (_) at
any point in the radiating medium.

For the special case of the volume elements of the material being in thermo-

dynamic equilibrium, i.e., when thermal, chemical, radiative and mechanical equil-
ibrium exist everywhere in the material, the emission coefficient is related to

the absorption coefficient through the Planck intensity function B._ £L(T) and

the refractive index n_ of the medium, in accordance with Kirchoff"s law.

where:

2lay

C. p I

In (19), h, c and k are the Planck constant (erg sec), speed of light (cm/sec)

and Boltzman constant (ergs/°K), respectively. The absolute temperature in OK

is given by T.

If the material is not in thermodynamic equilibrium, due for example to

the existence of temperature gradients, it is still possible to apply Kirchoff's

law locally provided the volume elements are in radiative equilibrium, i.e.

when the rate of depopulation of the various energy levels due to radiative

transitions is equal to their rate of repopulation. Such a condition is known

as local thermodynamic equilibrium. If this condition is satisfied everywhere

in the medium, the radiant transfer equation (17) can be written as follows.

(18)

(19)

(20)
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A more compact representation of equation (20) can be obtained by intro-

ducing the following abbreviations.

0.),]1) __ _ (b)

f Ca')r C<
..0_

. (c)

With the aid of these definitions, equation (20) may be written as follows.

where:

_ .._ ]

(21)

(22)

(23)

If the parameter _12 is zero, scattering is entirely absent, and equation

(22) reduces to the following:

r

_g - (24)

If &_ is unity, absorption is entirely absent, and equation (22) reduces to

the following:

(25)

3. Application

Consider a semi-infinite layer of radiating material as shown in Figure 2.

Let the surface and rear interfaces be located by y = s and y = L, respectively,

where positive y is measured from the surface inward. Using the relation:

(26)
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equation (22) becomes:

(27)

a_

; J L- z>,_

!
!

I
I
I
!

I

I

Figure 2. Illustration of Heat Shield Geometry

Multiplying (27) by d-O. and integrating over 4"_ steradians:

Jh JL

By equation (3), the left side of (28) is:

,.0_

(28)

(29)
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Consider the first term on the right of (28). Using (6), this becomes:

;-
-o_ F--o e:o

Z "¢/* Or

_--o0:%

Letting m = cos e, (30) becomes:

_-vf 5-,-t,.o_d_o_,,
../I.

2T¢ t

_o.o m:o

/j- /_-F i"IL-n-

d/m d ,¢

It is necessary to know the angular dependence of i_ _O. before the
integrations in (31) can be performed. This is not known a-przorl, but for

ease and convenience of calculation, the simplest possible non-isotropic

distribution will be assumed. Thus, let i__j_O - be assumed half-isotropic,
i.e.:

Z_,_Z : ¢on_.la.nf ¢ -_ _;

t l/ • 1¢

z_, sz ---eo_s_-nJc --4,7a

for all values of _. Thus:

i¢

Next, consider the second term on the right of (28). Using (23) this becomes:

.O.

f'+ d _l'l.+ K._ _ ,z. ,..n-

-i98-

(b)

(30)

(31)

(32)

(33)

(34)



Since the Planck intensity function is independentof-f_ , the first term on
the right of (34) becomes:

To evaluate the secondterm on the right of (34) it is necessaryto knowt *he angular dependenceof i _.O. • This is not knowna=priori, but in order
"t " *to makecalculations possible'l w111be assumedthat i -_..o_ is simply some

fraction of i_31 ° To keepthe numberof parameterst$ a minimum,it will
be assumedthat this fraction is simply W_ . Thus:

(36)

By virtue of (32), i*
>,/I.

is also half-isotropic:

• q

• ¢_ ,tl (a) I (37)

(b)

Using (37), the second term on the right of (34) becomes:

f ,4_ Z r , 11)]

.[L

Combining equation (28), (29), (33), (35) and (38), the radiant transfer

equation for the material becomes:

@
I / ol

Combining equations (3) and (32), it may be shown that:

r I r H

(38)

(39)

(40)
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Thus:

- _ (41)

and therefore equation (39) may be written:

where:

, / _tt
(43)

Equation (42) is one relation for the two quantities F-_ and I._ Another
relation may be obtained by a similar procedure starting from equati6n i27).

Multiplying (27) by cos e d.f_. and integrating over 4'11" steradians:

Using equations (6) and (32), the left side of (44)

"m/_

j. _ '%,,a _ o d .o. _ e y.
_fa o

become s :

TF

Tr/z

Let m = cos O. Then (45) becomes:

_,_df  C4'
Utilizing (43), this becomes:

0
I

"f I
0 -f

+)J7_7,

.aT

C4m
(46)
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From equation (3), the first term on the right of (44) can be written:

_]) f J--_>j_. _ _ d J_ = _ __ (47)

_0_

The last term on the right of (44) may be written:

4"l_
.-fk

i (48)

Using equation (6), the first term on the right side of (48) becomes: I

...ri_

-t

./. _,.r[ C /- _0.._) /_-p _ I_>cF) f ;**DC_''DI -- 0 (49)

G

Using (32) and (37), the second term on the right side of (48) becomes: -I

By (40), this becomes:

n.
_EL

-- Z

7)

(50)

Combining (46), (47), (49) and (50), equation (44) may be written:

d.f'p z

Equations (42) and (51) give two relations between I_ and F_ .
following relations are from equation (51):

The

(51)
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g ._

) .
Substituting equation (52) into (42):

<a'I
(b)

(52)

_ Z CI" -- L z._(,,_,.)K,,r,, ,,:_ )?,,_':

And, from (52a):

_C,,,s,,b u,_ I

Solution of equation (53), subject to appropriate boundary conditions,

yields I_ as a function of y. Numerical differentiation of I_ will then

yield F_ , as shown by equation (54). Integration of F_ over all fre-

quencies will then yield the net radiant heat flux as a function of y, as

shown by equation (5). The derivative of this is the radiant heating term

to be added to the heat equation.

(54)

4. Boundary Conditions

The following considerations lead to the boundary conditions appropriate

to the problem. At the boundary y = s, the intensity I-p (O) may be written:

I_ (o) - f .'-_,,.o.(°) d n ,
...n._

where i_2 a_. (O) is the specific spectral intensity of the rays at the surface.

Let x_v"+ (8) and i'_ (8) represent the specific spectral intensities of rays

reflected from and incident on the surface y = s from the interior of the

material, respectively. Then:

Triz _-

{f i- i,@

o _&

(55)

(56)
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By the law of reflection:

(57)

¢

where R-_ ('71" O) is the internal reflectivity of the surface. Combining

(56) and (57), making the half-isotropic assumption of equation (32b) for

i_, and assuming that the internal reflectivity is constant and numerically

equal to the measurable external diffuse reflectivity R% for angles of
incidence smaller than the critical angle Oc, and is equal to unity for

angles greater than @c, equation (56) becomes:

'_/., "rr

u rrlz

o Bc n/e.

*C_ +1 ._L_,

• TT, (o) =
0 II

(58)

where:

' #I
h

__r (o) : err%,

Writing equation (58) in a form more convenient for the use which follows:

i, I

.I_ (0) : (,, _,; )(,-e_eo) .r>(o)

The spectral distribution function evaluated at y = s is given by the

fo Ilowing :

G (o) -- fjj,,¢,,. _gd.n.
_Q_

(59)

(60)

(61)

r
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Proceeding as was done in equation (55) to (58), F

F_(O)= e_r[

(62)

By combining (60) and (62), the necessary relation between F._(O) and IV (O)
is obtained:

g co). -= ,;-,_ ) (,-_ (o) (63)

The critical angle is defined as:

bc =_

In the following discussion, it is assumed that n_ can be calculated with
sufficient accuracy from the Fresnel equations for normal incidence:

7/_, -i )_-

Strictly speaking, the right side of (65) should be a normal reflectivity

rather than a diffuse (hemispherical) reflectance, but this will be over-

looked. Solving (65) for n_ gives:

(64)

(65)
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)97 (66)

combining (64) and (66), the expression for @c becomes:

(67)

The square of n.lj will be needed in equation (53), thus:

(68)

A similar line of reasoning to that employed in equations (55) to (63)

leads to the following boundary condition at y = L:

L

G (L)-+7 ¢e_
(69)

L L is the
where R_ is the internal reflectivity of the rear interface, and 8 c
critical angle corresponding to this reflectivity:

By means of equation (54), the boundary conditions in (53) may be

written as folIows.

(70)

Aty= s:

At y= L:

+ 3 ,-e_, (,- _o +_ z -
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5. External Input

It will prove convenient to derive the expressions for the internal reflect-

ivity of the material. This has really been done in the steps prior to equation

(58), but is given again here. From the equation just before (58), the internal

reflectivity is:

_ _/z

8_

Similarly, at y = L:

ig

The net radiant heat flux at point _ due to an external radiant heat input
whose spectral distribution function is F_ may be calculated by writing the

expressions for the net flux at this point on each "pass" as this energy exper-

iences multiple internal reflections and summing. In the following derivation

it will be convenient to drop clumsy and superflous subscripts. Thus, for

purposes of this section:

F* = F*,

o = Ro '

R L = R L ,

--O

R_ =Fo,

_L = FL,

a - 8
m

L

dy = _L'a

_Yal/ dy = e_y,

dy--
Y

Then, on the ist pass, the net flux at point y due to the external input is
eF.:

(73)

(74)
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'F" (,._<)F" - (-  o)r'l
on the 2nd pass:

-(,-eoIF* '-Co< e

and so forth. Summing up these contributions, the net radiant flux at point

y due to the external input is:

_L - _" .,_, -4_ ... ,.,_c_-.r_.f"C'- %) ' " _ " " ¢_e,.e .

- _ _ eoe. _ ," e. f,. e

Each of the series in the square brackets is a geometrical progression. Taking

the sum of these progressions, one obtains the following:

F - - -,e_ -C_ e .

This expression must be added to equation (54) in order to include the effects
of an external radiant heat load on the material.

6. Non-gray Assumptions

The simplest possible non-gray assumptions will be made regarding the

frequency dependence of properties. It is assumed that, with the exception

- L ) are independent ofof k_ , all properties (i.e., _oD, n_ , R_ and R_
frequency. Furthermore, it is assumed that k_ varles with frequency in a

stepwise fashion, i.e., that k_ may be represented by:

-- _I (_ -_ m <_,,)

e

If -207-



In order not to unduly tax the storage capacity of the computer, a maximum of 4

frequency intervals will be considered. The endpoints of these intervals must

be specified in the input data. Then:

ag ,
(c)

(b)

(d)

(75)

It will prove convenient to use the following abbreviations in the remainder

of the discussion.

Z

1

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

/

(76)
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and, for i = I, 2, 3, 4:
L

L

v> f ,

(a)

(b)

(c)

(77)

where a. is the value of the attenuation coefficient in the it h frequency
interval.

The value of the net radiant flux at point y in the material, due to

both self-glowing and to an external radiant source is:

-_&,)_-_-0--_)I , dr;. * f * _2_(L-s) Ke - _ (78)F. (i_)- - - a_, ;/- d - )

where Ii is obtained from solution of:

d_ _ d_rx_ d_rx.a_ d_ J -'¢ d?

& : c, f_p ( c_v/1-
7- _. !

and the boundary conditions o ' are:

-

(80)

(81)

The constants C I and C2 in equation (8c) are the Is__tand 2nd radiation constants.

(82)
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STRUCTURAL CONSIDERATIONS
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Introduction

Although the thermodynamics of charring ablators are well known and docu-

mented (see reference (i), for a representative listing),_ the mechanical response

and possible mechanical spallation criteria have been almost neglected. Although

numerous reasons can be advanced for this neglect, the reasons are probably among
the following:

a)

b)

c)

The fact that mechanical spallation does not arise in many of these materials.

The lack of an adequate mathemetical theory that is tractable and that describes

the complex physical situation in the ablating material.

The order of magnitude difficulties that are introduced into the mathematics

when one couples even the simplest type of elastic theory with the thermo-
dynamics.

d) The lack of an adequately controllable experimental program to properly test
any mechanical spallation criterion that is advanced as the result of such

an analytical investigation.

e) The lack of adequate material properties, particularly at high temperatures.

Even in the face of these difficulties, some efforts have been made to in-

clude mechanical spallation in theoretical analyses.

In the open literature, the only existing effort that has attempted to con-

sider a mechanical response (with the appropriate thermodynamics) and to advance

a spall criterion is in the paper by Mathieu, reference (2), in 1964. In this

paper, the mechanical response is given by the pressure of the exiting gases

in the char layer and the mechanical response is called the mechanical normal

stress defined to be the difference between the aerodynamic surface pressure

and the internal gas pressure.

One of his spall criteria is that when this normal stress reaches a critical

value, the char is ruptured and instantaneously removed. Since his model is one-

dimensional, it is implied that a whole layer is cracked or "sliced" off.

The second criterion for removal takes into account the aerodynamic shear

stress at the surface. The criterion is apparently empirically derived and

says, essentially, that the char layer is sheared (instantaneously) when its
thickness reaches a critical value.

Both of these criteria may be useful if it can be shown that other mechanical

effects can be ignored completely. It should be borne in mind, however, that

the critical char thickness criterion used in reference (2) was determined for a

"nonablating" surface and the normal stress criterion of reference (2) completely

neglects the thermo-mechanical component due to the forces in the solid part of

the material. That is, the fact that the solid interacts with the gases is

completely ignored and the tacit assumption is that the thermal stresses are
small.
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Theuse of ultimate stresses is a standarddesign criterion for failure of
structures. However,it is a well knownfact that while no one stress in a
bodymaybe at its utimate value, the correct combinationof these samestresses
can conceivably beenoughto causerupture or fracture. This is, of course,
the notion of yield surfaces studied, for example,in metals by the theory of
plasticity, reference (3), and for elastomeric materials by the theory of
viscoelasticity, reference (4).

Other, and equally important, effects that must be included whenconsidering
spall criteria, are those of strain rate and temperature. T. R. Smith, reference(5),
has investiga ted eachof these effects numerouslyfor rubbery materials, and
has shownthat increasing temperaturelowers the ultimate stress level while increas-
ing strain rate tends to raise the ultimate stress levels. Further, Lindsey et al,
reference (4), haveinvestigated these effects on the yield surfaces for various
elastomersandhaveamplydemonstratedthat both effects change(appreciably) the
size of yield surfaces.

Hence,it is felt that to advancean adequatetheory to describe mechanical
spallation, eachof the aboveeffects mustbe consideredas important and each
must be investigated to determine their influence on the present problem.

Threemodelsare presentedin the following sections. Eachassumedthat
weare dealing with a porouselastic solid under the action of mechanicaland
thermal loadings. Thetheory underlying eachis that of linear elasticity and
the essential differences arise in the treatment of the gas pressure in the pores.

In the first model, we follow Blot's treatment, reference (6), and assume
that the pores contain a viscous compressiblefluid which obeysPoiseuille flow.
This leads to six coupledequations of motion in the six displacements- those of
the solid u,v,w, and those of the liquid U,V,W. The essential difference between
Biot's modelandours lies in the derivation of the constitutive equations, in
which wehave addedthe effect of the transient temperatureacting on the body.
This modelis derived in section 2 of this appendix.

Thesecondmodeldiffers from the abovein the aspectof the motion of
the gaseousflow in the body. If wepostulate that the gas flow obeysDarcy's
Law,again, as Blot did in reference (7), wearrive at six coupledequations
of motion in a slightly different form. This treatment differs from that of
Biot in our derivation of the constitutive lawswherein weagain accountfor
the effects of temperature. This formulation is presentedin section 3 of
this appendix.

Realizing that the temperaturedistribution is obtained from an analysis
suchas that presentedin the mainbodyof this report, and doesnot include
the effects of the interaction of the solid dilitation on the thermodynamics,
i.e., the thermal problemis uncoupledfrom the mechanicalone, wepresent in
section 4 of this appendix, the linear elastic model that treats the gas
pressure in the poresand the thermal distribution in the bodyas knownfunc-
tions of spaceandtime. Since this modelpresupposesno particular set of
constitutive laws for the pressureof the gas and since it has not beenestab-
lished definitely that the gas flow obeysany one flow law, it was felt that
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as much useful information could be obtained from this model as from the above

theories at this time.

Thus, attention has been focused on the model derived in section 4.

present in section 5 of this appendix in outline form, the elements of the

numerical analysis used.

We

The test of a good theory is in a controllable system of laboratory experi-

ments that duplicate certain aspects of the physical environment. However, it

will become apparent, after reading the section dealing with the mathematical

model, that before we can examine or even formulate a set of experiments to test

a spall criterion, unusual testing techniques must be postulated and tests

performed SO that we can input realistic mechanical moduli into the numerical

program of our mathematical model. That is, the extreme thermal and mechanical

environment associated with the ablation process does not allow us to simply

define mechanical moduli over a range of a few decades about room temperature.

We must know each and every property as it varies with time and temperature.

Thus, we conclude in section 6 of this appendix with a suggested minimum

experimental program for measuring mechanical properties over the full range of

temperatures and times.

2. Porous Solid and Poiseuille Flow

We consider a cartesian rectangular coordinate system in the body and

designate the coordinate axes by xi, i = 1,2,3. Using this notation we

consider u,v, and w to be the displacement components of the solid part of

our composite system in the directions Xl, x 2, and x 3 respectively.

In a similar manner we consider average fluid displacement components

U, V and W and state that volume flow of the fluid is obtained by the product

of the displacement and the average cross-sectional fluid area.

Strain displacement relations are obtained in the normal manner so that

(2.1)

For the strain in the fluid we consider the only pertinent quantity to
be the dilitation _ where

E au bV: -- + - UI..L L-i.,z.3

The stress tensor acting on the solid-fluid system is designated by

(2.2)

(2.3)
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where G_ is the stress components acting on the solid and S is proportional

to the internal fluid pressure p so that
I

s = (2.4)

where_ is the effective porosity of the system.

Blot next derives his stress-strain relations by means of the potential

energy W of the unit volume. This, of course, leads to relations of the form

• "_ ,S= _ 1,j -- , z 3

However, because of the presence of the thermal field in the body, we

consider the Helmholtz free energy function A and use the relations

aA _A

-j

and strictly speaking

_A
E :

5]-

where _ is the entropy of the system.

For a general anisotropic material A is a function of the six strains

eL: , the fluid dilitation _ , and the temperature T, so that
3

A = A( eij , _ , T)

(2.5)

(2.6)

(2.7)

(2.8)

Assuming that at time t = O, there are no stresses and strains and that

T = To, we can expand A in a power series about this equilibrium position
to obtain

2

A = Ao + aijeij + ao_ + aI(T-T o) + bijkJ eijek_ + a2

2

+ a3(T-T o) + Cijeij_+ dijeij(T-T o) + a46(T-To)+ ...

Substituting (2.9) into (2.6) yields

_'ij = aij + bijk_ ek9 + CijE+ dij (T'To)+ "''

S = ao + 2 a 26+ Cijeij + a 4 (T-To)+ ...

(2.9)

(2. I0)

(2.11)
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that
Retaining only the linear terms in (2.10) and (2.11) and using the fact

(_ij = S = 0 when eij = _ = 0

_ij = bijk_ ek_ + Cij E + dij (T-T o )

S = ao + 2 a2 6 + Cijeij + a4(T-T o) .

and T = T we have
O

(2.12)

tb.

which is valid for a general anisotropic solid-fluid aggregate under the action

of a temperature field.

To proceed further requires us to make certain assumptions about the

nature of the elastic-solid. This means that the free energy function A is

required to be form invariant under certain symmetry transformations of

coordinates. Such symmetry transformation determine the relations between

the various components of the tensors bijk_ , the tensor cij and the tensor

dij-

For example, we know, due to the symmetry of _ij and eij that

bijk_ = bjik_ = bijoU= bk_ij

Cij = Cji dij = dji

so that bijk_ has only 21 independent components while ci;a and di;a have
but 6 each.

Rather than derive the constitutive equations used in the various crystal

classes, we simply list stress-strain laws for two types of elastic material -

an orthotropic body and an isotropic body. For a full derivation the reader

is referred to Green and Adkins, reference (9).

If the material is a rhombic system then the only non-zero components
of the tensors in (2.13) are

_22_

 33|.
_23|-

TI3_

_iiII bi122 bi133 0 0 i 1

_i122 b2222 b2233 0 0

_I$33 b2233 b3333 0 0
0 0 b2323 0

0 0 0 0 b1313

O 0 0 0 0 b121o_
-!

=33|ICo3 I+(TTo d331

212/

(2.13)

(2.14)

¢
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and

S = 2 a2E + Cllell + C22e22+ C33e33+ a4 (T-To). (2.15)

From(2.14) and (2.15), if onemakesthe assumptionof isotropy,
we find that

b2222= b3333= bllll

b2323= b1313= b1212= I/2 (bllll - bi122)

b2233= bi133 = bi122

c33= c22= Cll

d33= d22 = dll

(2.16)

For this last case, Blot defines

so that

Cll = Q,

bllll bi122

bi122= A

2 a2 = R

= 2N

_'ij = 2Neij + _ij Ae+ _ij Q _

S = _e + R& + a4 (T-To),

+ _ij dll (T'To)

i,j = 1,2,3
(2.17)

q
x.

in which we differ from his relations only in the inclusion of the constant

terms multiplying the temperature.

We can eliminate dll and a 4 in terms of thermal expansion terms by
using the coefficient of volume expansion of the solid, defined by

C )CXs : o-

and by defining a similar coefficient for the fluid

(2.18)

(2.19)
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Applying (2.18) and (2.19) to (2.17) gives

Before going to the equations of motion, we mention that when we are at

uniform temperature T = To, the coefficients in (2.20) are identical with

those of Blot and may be determined experimentally as suggested by Biot.

Biot next derives equations of motion by means of Lagrange's equations.

Since his derivation may be used unchanged for our problem we write down the

six equations of motion directly. Thus we have

and

(2.20)

(2.21)

(2.22)

where Biot has introduced mass coefficients _ ii' _ 12 and f 22 which he
calls "apparent masses". To relate these quantities to the mass of the

aggregate, the mass of the solid, and the fluid, he shows that

f = fll + 2_12

(I- _)fS = _ii + _12

_ = fi2 + _22

+ _22 (total mass of aggregate)

(mass of solid)

(mass of fluid).

It is possible to formulate the entire system in terms of displacements by

means of substituting (2.20) into (2.21) and (2.22). However, since this

model will not be carried out any further we defer doing so at this time.

3. Porous Solid and Darcy's Law

The model described in this section differs from the above in the

assumption that the fluid pressure is related to the fluid displacements by

means of Darcy's Law. The theory presented here has been derived by Biot,
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reference (7), and, as in section 2, is modified to include specific thermal

effects.

To maintain as much of the notation of section 2 as is possible we make

only the most essential changes where necessary.

i

We begin by defining a vector w which represents the flow of the fluid

relative to the solid and is measured in terms of volume per unit area of the

bulk material. The components of _ are

W i = _ (Ui "_i ) i = 1,2,3

and by using (3.1) we denote the divergence of this vector by the variable -

so that

= - Wi, i i = 1,2,3

In the derivation of the stress-strain relations we use, instead of

S, the pressure p so that the free energy function A is a function of eij,
T and _ . Instead of (2.6), then we have

Considering only the isotropic case, Biot then derives stress-strain

laws, which in place of (2.20) are of the form

- -__;_[ tT._-__x_)_ - _<x_<___] (T -To)

.f, o_o<_ [.e- <x_C.T-T<,')] +M 1_'-<_.C_-T<>_]
where we have made the changes:N ---,_/_¢ , J4----_ _c' Q -_ " (_M and R--_ M.

Darcy's Law, as used by Blot, may then be written as

--q- m,c , ,
where _ is the viscosity of the fluid and the matrix rij is the flow re-
sistivity matrix; its inverse

-i

(kij) = (rij)

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)
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i

being usually called the permeability matrix.

(3.5), we have

If (3.6) is used instead of

l

(3.7)

Finally, for an isotropic material, the matrix kij, reduces to

kij = k _ ij

so that (3.7) takes the form

c _ _o) L (3.8)

In this case, k is called the coefficient of permeability.

We conclude this section with the equations of motion, derived by Blot

and including the effects of dissipation in the equations of motion (2.21)

and (2.22). Accomplished by means of Lagrange's equations, the derivation

is not reproduced here but is merely stated in final form. Thus we obtain,

using the notation of (2.20)

z_eq, i *Ae, L • Qe, L
(3.9)

-k. at

",O " t._., 3
It should be noted if inertial terms can be neglected, equations (3.10)

reduce essentially to Darcy's Law as stated in (3.8). Although other forms

of (3.9) and (3.10) are available, we leave the theory in this form. Indeed,

Blot carries the theory to the point where he can account for a completely

anisotropic material.

4. Linear Elastic Model

If we do not consider the effects of fluid displacement and postulate

that the pressure of the gas in the pores is a known transient pressure
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distribution, then the above theory simplifies considerably.

The stress tensor in this case takes the form

where_is the porosity, p the gas pressure and _ii the stress components
acting in the solid components of the body and related to the strains in

the body by

Here,el4 _ are the ordinary Lam_ components, o( the coefficient of the thermal

expansion and T the temperature in the body.

The strains are those defined in (2.1) with the additional assumption

that there is no change in the Z direction. Thus, under the plane strain

assumption,

eZ = e XZ = eyz = 0

As a consequence of (4.3), equations (4.1) and (4.2) become

L'-"x : (Z/_. * k_x _- )_eV -(Z)... + B_IO(CT-To ) -)"5._

"ra - -_(¢. +%3- e°'O-ro)-_.e

"Z' -

where E and_ are respectively Young's modulus and Poisson's ratio. We

next postulate that the material parameters vary only with y and t and

are constant in the x direction. Then

E : e C_,_5 , P : P(,/,_), _ :,g (v,_)

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)
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Theequations of motion simplify from (2.21) to

where_ is the total massof the aggregateand as such, _ = _ (y,t), by
assumption.

Certain assumptionsmust nowbemadeabout the state of the bodyat time
t = O. For our purpose,we shall consider the temperatureto be uniform, so
that T = To, andwe shall further assumethat the properties, expressedby
(4.5), are those evaluated at t = 0 andT = To. Thus,

As initial conditions for the equationsof motion, (4.6), we shall assume
that

u(x,y,o) = O

v(x,y,o) = O

_u/_t (x,y,o) = 0

_v/_t (x,y,o) = 0.

As boundary conditions for our problem, we choose to load the face y = H

with stresses Pl(x,t), F2(x,t) so that

H,L) °
while at the face y = O, we rigidly attach the body to a wall,

(4.6)

(4.7)

(4.8)

(4.9)

u(x,o,t) = v(x,o,t) = O (4. i0)

Finally, we consider the body to have length L in the _direction, and

postulate no displacement and no shear on these two boundaries. Then

u(o,y,t) = u(L,y,t) = O

_xy (°'y't) =_xy (L,y,t) = O

(4.11)
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The problem as now posed is complete. To solve the system, we eliminate

the stresses that appear in (4.6), (4.9) and (4.11) by means of (4.4). In

this way we need to solve for the displacements u(x,y,t) and v(x,y,t) only.

Then, by means of (4.4) we can obtain the rest of our information.

However, we do not solve this system as it stands. Instead, we make

one further assumption. This assumption involves the character of the applied

loads Pl(X,t), P2(x,t) in (4.9) and states that their variation in the x

direction is piecewise smooth with only finite jumps over the interval

0 _ x _ L. Imposing this condition on (4.9), we postulate that (4.9) can

be replaced by

' ' h_ O

oo
nTr_

L

If we use (4.12) in place of (4.9), then we examine our system for solu-

tions u(x,y,t), v(x,y,t) in the form

L

_-o L

e
Y_=o I..

(4.12)

(4.13)

Substituting (4.13) into (4.4), (4.6), (4.8)-(4.11), we arrive at the

system of equations which form the basis of our numerical program. These

are listed below.

=c.., __

(4.14)
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,i

,i
where

(_)

I_

<->_<_C_l,-i-')-_)_.. <_

(4.15)

The problem to be solved for U n and Vn is then given by

o') - c_+,h _"_<:u,, - Cf>6o]- "_c- _,x_v ,,.<_ ]

I

-- Ec_/-, _<)<<_-_,+Ssf,,]

(4.16)

where

' - _ C '} C "} - _'( )<.,,,,<-t',.,.o,,,_C ) - a--g , -_,-_ '
The initial and boundary conditions are

u..,c<_,o_- v>,c,_,<_- it, C<_,o_- Q,,c,_,o)- o

cs,.,(.o,c) - v¥, C_,{'): o

/ #

t'% = 0., I,,, 7.....,.
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Wenote that (4.11) are identically satisfied. Equations (4.16), (4.17)
represent the final systemuponwhich the numerical programhas beenbased.
In the next section wepresent the numerical analysis used to prepare the
systemfor programming.

Before passingon to the numerical analysis, wementionan important
aspectof this wholeprogram,i.e., a spallation criterion.

At this stage, we feel that wecannotadvanceanyadequatespallation
criteria. To do so wouldrequire knowledgeof all of the stresses, strains,
velocities etc. andwouldrequire a judgementas to which of these is most
important. Sincewehavenot as yet run, in our program,anyactual flight
or reentry environmentcases, any statementabout spallation would be pure
guessingat this time. Suffice it to say that we shall examine,for a
candidate spallation criterion, the following quantities:

i) Velocity components: _ , M

2) Acceleration components:"_ V'

3) Strain components:e_ , _W _e_
0

4) Strain rates:

5) Stress components: _m -,'_ _ _ • _x

Once we have these quantities, it is possible to compute, additionally, the

principal stresses, the maximum shearing stress, the maximum normal stresses,

and any information needed.

We then proceed to analyze these components as possible spall criteria.

Particular attention will be focused on strain rates, principle normal

stresses and the maximum shearing stress. For a particular material, these

stresses will be checked against yield surfaces which will need to be found

experimentally. As noted in the introduction, such yield surfaces are

strain-rate and temperature dependent and for this search for a mechanical

spall criterion to be successful, complete experimental information is

deemed important.

5. Numerical Procedure

It has been shown in the last section that the basic system of equations

to be solved are equations (4.16) and (4.17). These must be solved for as

many values of n = O,1,2..., as needed in the Fourier Series (4.13) and (4.14).

We now define

i.-.

(5.1)

\
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and, upon suppressing the subscript n, we may write equations (4.16)-(4.17)

in the following simplified manner:

('M ')'

A v '- _/_'v - u_) _ _ _ I:)

- + '(r ;)"-, A ,.,." "o_ --

(5.2)

(5.3)

j,

in which

A -_,A

Moreover,

u = v = G = _ = o at (o,y)

u = v = o at (t,o)

(u' -_v) = Pl(t) at (t,L)

M v' +_u = D + P2(t) at (t,L)

To solve the system (5.2)-(5.8) we use an implicit difference scheme,
to be described below. This scheme is known to be stable when the material

properties are constant. Not much is known about its behavior for variable

properties.

We introduce a mesh of points in the open rectangle 0 _ y & L, O _ t _ _ .

The general point is denoted by (n,j) n = 0,1,2, ...... , j = 1,2,..., J - i,

J, J being some fixed number. The values of u(t,y) and v(t,y) are approximated

by u(n,j) and v(n,j), respectively. The space and time increments are variable.

We now replace first and second space as well as time derivatives of u,v,

and tabular input functions in (5.2), (5.3) by standard central differences.

The implicit difference scheme specifies that the terms involving time deriva-

tives be replaced by central differences in time about the point (n,j), whereas

all other terms in (5.2), (5.3) be replaced by a weighted average of spatial

central differences about the points (n-l,j), (n,j) and (n+l,j), which are

multiplied by the (constant) weighting factors 81, @2, @3' respectively, and

added. The sum of @i, @ 2 and 83 is equal to unity.

The boundary conditions (5.6) present no difficulties. For the conditions

(5.7) and (5.8) we employ higher order backward differences for the derivatives

at the points (n, L). No weighting is used here, since the weighted terms
cancel out.

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)
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The first two conditions of (5.5), again, present no difficulties. To

express the first condition in different form, we write, letting _ t be the
first time increment,

Using (5.9), (5.5) and (5.2) we reach

I I.,d, ?_

An analogous procedure yields

I

The right hand sides of (5.10), (5.11) were actually weighted at times

t = 0 and t = I. For the values of u(l, J) and v(l,J) we evaluate the ex-

pressions obtained from (5.7) and (5.8) at t = i.

We thus have the explicit values of u and v at the points (O,j) (u

y _ O) and (l,j), for all j.

In terms of these values we can find u(2,j) and v(2,j), and, generally,

once we know u(n,j), u(n-l,j), v(n,j) and v(n-l,j), we can find the values

of u(n + l,j) and u(n + l,j) and u(n + l,j) for all j.

Since no derivatives higher than the second appear in (5.2), (5.3)

the resulting algebraic system of the difference equations appears as follows:

A3

Cj.I

_J

Bj. 1 Aj. 1

A 4

Bj Aj -
n

B 1 AI

C 2 B 2 A2

C 3 B3

.'[_ F 2

X3 I F3

=

• i

I

Xj. ii Fj. 1

Aj Jn+l _Fj n

(5.9)

(5.10)

(5.11)

(5.12)

\

The coefficient matrix is of order J x J, each of its elements A_, B., C
J j

being a 2 x 2 matrix whose entries are functions of the material propertie_,

the non-homogeneous terms in (5.2), (5.3) and the space and time increments.

Each X= (n + i) equals the vector whose components are the unknown values u(n +

I, j),Jv(n + l,j). Fj depends entirely upon material properties, non-homogeneous
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4 terms, space and time increments and the known values of u and v at (n,j) and
(n-l,j).

The last row of the coefficient matrix in (5.12) contains 3 elements due

to the higher order backward difference used at y = L (j = J). We may elimi-

nate Xj. 2 between the Jth and (J-l)st equation in (5.2) to obtain an equation

containing only Xj. I and Xj. Carrying out this procedure we obtain a coef-

ficient matrix which is tri-diagonal, and the system is of the form

A 1

B 2 A2

C 3 B3 A 3

Cj. 1 BJ.I AJ.I

Cj Bj

"BI

C 2

X 1

X 2

X 3

Xj. i

Xj
n -

F 1

F 2

F3

Fj. i

Fj
n+ | - n

To solve this system we use Potter's method. This consists of defining

the following quantities:

B BJ -l(n) -- -i
_.(n) = (n) - C.(n) A n) I
3 J ] j-i _J

(5.13)

(5.14)

qj(n) = F.(n)3 " C.(n)3 _'3"l(n) qj-I (n)

where n = 1,2,... ,j = 1,2,... ,J, and where we define

Cl(n) = Aj(n)= [00_

Equation (5.13) - (5.16) now imply

(5.15)

(5.16)

Xj(n+l) = Ej(n)qj(n) - _.(n)3 Aj(n) Xj+l(n+l) ,

for n = 1,2, ...........

We know the values of X, (0) and X. (I) from the initial condition.

X i (2), X i •(3),....... _, we use (5.17) by using n = 1,2,...
For the values of

(5.17)

7 -eeT-



Indeed, letting j = J, J-l, J-2, ..., 2, i, in (5.17), we easily obtain XT(n+I)
o

Xj. 1 (n+l), ..., X2(n+l), Xl(n+l) This completes the description of Potter's
methods.

Once we have obtained u and v by the methods just described, we can get

all other pertinent quantities from the equations presented in the previous

section.

6. Experimental Prosram

As already expressed in section 4 of this appendix, we require that the

following mechanical moduli be given as functions of time and temperature:

I) _ - shear modulus

2) K - bulk modulus

3) E - uniaxial tension modulus

4) _ - Poisson's ratio

5) O_ - Coefficient of linear thermal expansion

In addition to the above, ultimate tensile, compressive and shear stresses

must be found and yield surfaces constructed for variable strain-rate and temp-

eratures. Finally, some efforts should be made to measure tensile and shear

properties of the char in the ablation environment, i.e., while the material is

actually ablating.

Before detailing a proposed test program it is well known that a number of

tests have been performed to determine the uniaxial tension modulus versus temp-

erature over a limited range (to approximately 250°F). In addition, the shear

modulus has been studied over approximately the same range. However, no data

have been recorded of the variation of E or_ with time as well as temperature.
Further, due to the inherent scatter attributed to manufacturing methods, etc.,

it is deemed necessary to conduct all required tests for this program from the

same batch of material, thereby eliminating unknown factors from the resultant
test data.

The tests to be described below should be performed on virgin material as

well as charred ablated samples. The charred samples should be used in an

attempt to characterize the mechanical behavior of the char layer as influenced

by temperature and time but should primarily be used to measure the ultimate

properties as these are influenced by temperature.

In this connection, it is felt necessary to attempt to measure these ultimate

properties of the char layer in the OVERS (or similar) test facility to see if

heating rates and ablation temperatures change drastically the shear strength

obtained at room and higher temperatures.

-228-



A. Tests to be Performed

Material moduli to be found are: E, _ ,_._, K , and _. The analytical effort

has been written in such a manner that it can use either E, _ , and o_ or/_ , K

and _ . Each must be known as functions of time and temperature. Standard test

equipment is available to determine each of these moduli at temperatures to approxi-

mately IOOO°F and for varying strain rates. Which set of quantities should be

used depends entirely on the credibility of the measurements.

I) Measuring E_ > and

a) Standard tension tests (uniaxial) and compression tests should be

performed on the virgin material and recorded versus time in 50°F

increments between room temperature (R.T.) and IO00°F. Five (5)

strain rates between dead loading and 6000 in/in/min should be

employed on 2" gage length specimens at each temperature should be
run.

Lateral contraction versus longitudinal extension (for Poisson's

ratio) measured concurrently.

b) Standard thermal expansion tests to measure _ should be performed

on a minimum of 8 samples in two orthogonal directions.

2) Measuring_ and K

a) Standard torsion tests to measureiA._ should be performed on the

virgin material in 50°F increments between R.T. and IOOO°F. At

least five (5) tests at each temperature should be run.

b) A bulk compression apparatus to measure K has been assembled at

AVCO. Tests should be performed at a minimum of nine tempera-
tures and ten tests at each temperature.

At the present time, as far as is known, the limit of standard

test capability is at iOOO°F. Even though this is well below

ablation environment temperatures, trends should be well

established • if the above tests are performed.

3) Tests on the Charred Material

It is felt that the char is a brittle material and unaffected by

temperature and strain rate. However, to show this we should

have estimates of its mechanical properties as well.

a) In standard test apparatus, we recommend that test #I and #2

(above) be performed at several strain rates and at least

three temperatures between R.T. and iOOO°F for mechanical

properties as well as ultimate properties.
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b) Because the above tests may prove to be very difficult to

perform due to its brittleness (at least at R.T.), a box

shear apparatus should be constructed and box shear tests

performed to determine (at least) the ultimate shear

strength of the char layer at nine test temperatures.

Several tests at each temperature should be carried out.

c) If the above tests (a) and (b) can be performed this would

give an indication of the trend of the char mechanical

moduli with temperature. It is then recommended that the

OVERS (or similar) test facility be used to study the effect

of temperature and heating rate on the ultimate shear strength

of the char layer as the sample is ablating. For this pur-

pose a ceramic collar should be constructed to fit around

the sample from which should be hung dead weights equivalent

in magnitude to the ultimate shear strength measured at the

lower temperatures of b) above. By this means, a crude esti-

mate of the effects of heating rate and temperature on this

property can be measured. At least two tests for each value

of ultimate shear strength found in b).

4) Yield Surfaces and Spallation Criteria

As indicated in the introduction to this appendix and subsequently

in the text, failure of the ablator will most likely come about

as a result of some principle stress or combination of stresses

lying on a yield surface for a particular strain rate and tempera-

ture. To actually state that if a stress exceeds to many psi,

etc. failure will occur, requires that the yield surfaces (or

failure envelopes) must be known at each temperature and time.

Rather than go into great detail about these studies, especially

since the analytical model has not yet even been programmed, we

refer the reader to the remarkable work of Lindsey et al, refer-

ence (4), called "The Triaxial Failure of Viscoelastic Materials"

in which they report an abundance of material dealing with this

subject.

%
\
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